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Abstract  
The Drosophila neuromuscular junction (NMJ) is a glutamatergic synapse 
that is structurally and functionally similar to mammalian glutamatergic synapses. 
These synapses can, as a result in changes in activity, alter the strength of their 
connections via processes that require chromatin remodeling and changes in 
gene expression. The chromodomain helicase binding domain (CHD) protein 
Kismet (Kis) is expressed in both the presynaptic motor neuron nuclei and 
postsynaptic muscle nuclei of the Drosophila NMJ. Here we show that Kis is 
involved in the localization and clustering of glutamate receptors in postsynaptic 
muscle cells, in the proper morphology of presynaptic motor neurons, in larval 
motor behavior, and in synaptic transmission. Our data suggests that Kis is part of 
the machinery that modulates the development and function of this synapse. Kis 
is the homolog to human CHD7, which is mutated in CHARGE syndrome. Thus, 
our data may suggest novel avenues of investigation for synaptic defects 
associated with CHARGE syndrome.    
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Background and Significance 
CHARGE Syndrome is a neurodevelopmental disorder with an epigenetic 
basis. 
Development is a highly complex and precisely orchestrated process. 
Identification and increased understanding of key regulators and the mechanisms 
of development can provide insights into congenital developmental disorders in 
humans such as CHARGE syndrome (OMIM #214800). In this review we will 
focus on recent advances made in understanding CHARGE syndrome through 
the study of animal models of this disease.  
CHARGE syndrome is a developmental disorder that affects approximately 
1 in 10,000-12,000 individuals worldwide, with varied severity and penetrance of 
features among those affected. (Vissers et al., 2004; Schnetz et al., 2009; Blake 
et al., 2011). CHARGE syndrome primarily affects the sensory organ systems, 
with vision, smell and hearing most often affected. CHARGE itself is an acronym 
for some of the most common features of the syndrome, and stands for Coloboma 
of the eye, Heart defects, Atresia of the choanae, Retardation of the growth and/ 
or development, Genital and /or urinary abnormalities, and Ear abnormalities and 
deafness (Adams et al., 2007; Ho and Crabtree, 2010; Melicharek et al., 2010b). 
However, individuals with CHARGE syndrome display a wide variety and severity 
of the symptoms of this disease. This heterogeneity of features among CHARGE 
individuals is consistent with misregulation of early developmental events that 
arise from initial precursor cells that give rise to a variety of tissues (such as 
neural crest cells).  
 4 
The identification of master regulators that control early events of cell fate-
determination, migration, differentiation, proliferation, and thereafter maintenance 
of heritable states of gene transcription in post-mitotic neurons and in organ 
systems will be necessary. These developmental events are accompanied by 
concomitant changes in gene expression and dynamic changes in the epigenetic 
program. The epigenetic changes occur in virtually all cells such that the 
chromatin-remodeling proteins may either exert transient modifications in 
differentiating cells, or they may be stably integrated in proliferating cells. The 
epigenetic modifications include alterations to the chromatin architecture in a 
local, and/or a global, fashion. These modifications are mediated by the concerted 
activity of chromatin remodeling enzymes such as chromatin “readers”, “writers” 
and “erasers” that may be part of larger chromatin remodeling complexes. 
Chromatin remodeling is not limited to covalent post-translational modification of 
histone tails, but also includes alteration of the structure of nucleosomes by their 
ATP-dependent positioning around target DNA and by chemical modifications at 
the nucleotide level (Kingston, 2000; Thompson et al., 2008; Kim and Roberts, 
2013).  
Thus, identification of the key chromatin remodeling proteins, and the 
complexes they participate in, will facilitate better understanding of the 
mechanisms by which they exert their effects on downstream target genes in 
neuronal populations. This will be crucial to the understanding of events from a 
neurodevelopmental and neurodegenerative disease progression perspective that 
lead to complex disorders such as CHARGE syndrome (CS).  
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Two-third of cases of CS are caused due to haploinsufficiency of the CHD7 
gene. CS patients, with confirmed mutations in the CHD7 gene, exhibit 
pronounced frequency of ocular, temporal bone anomalies and facial nerve palsy 
compared to other defects (Zentner et al., 2010a). Kismet is the Drosophila 
ortholog of CHD7 (Bajpai et al., 2010). Homozygous mutations of CHD7 in Chd7 
mice, or high doses of morpholino-mediated knockdown (chd7-MO) in zebrafish 
lead to lethality, whereas heterozygous mutations or low doses of chd7-MO lead 
to CHARGE-like phenotypes (Hurd et al., 2007; Schnetz et al., 2009; Melicharek 
et al., 2010b; Zentner et al., 2010b; Zentner et al., 2010a; Kita et al., 2012; Balow 
et al., 2013). Similar dosage sensitivity with chd7-MO was observed in the 
Xenopus system (Bajpai et al., 2010). Consistent with the results in higher 
eukaryotic systems, in Drosophila, loss of function in kismet led to CHARGE-like 
phenotypes in the adult flies whereas a greater reduction in kis function led to late 
pupal lethality.  
In this review we will discuss molecular and genetic studies of CHD7 in 
various vertebrate models and in vitro systems and Kismet function in Drosophila. 
These studies are focused on establishing the early developmental roles of CHD7 
and Kismet, and we will extend the relevance of these findings to CS. Overall, 
both proteins reveal a good structure-function correlation, and suggest 
evolutionarily conserved roles despite the 670 million years of evolutionary 
distance between them.  
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CHD7 structure and localization 
CHD7 is an ATP-dependent chromatin remodeling protein that belongs to 
subclass III of the family of Chromodomain Helicase DNA binding proteins (CHD) 
in humans and higher vertebrates. (Schnetz et al., 2010; Kita et al., 2012). Two 
isoforms of CHD7, CHDL and CHDs have been reported through alternative 
splicing of exon 6 (Kita et al., 2012). CHDs transcripts showed variation in its 
abundance in specific mouse tissues and in cell lines tested when compared to 
that of CHDL.  
CHD7L encodes a protein of approximately 340kDa. CHDL exhibits both 
nucleoplasmic and nucleolar localization. This localization pattern is consistent 
with the previously determined localization for the triple FLAG-tagged CHD7 in 
DLD1 cells (Zentner et al., 2010b; Kita et al., 2012). CHD7 exhibits ubiquitous 
expression during fetal development, with high expression levels in the brain, 
epithelia and ganglia. However, it exhibits preferential localization with tissues 
affected in CS (Vissers et al., 2004; Schnetz et al., 2009; Schnetz et al., 2010). 
This developmental-specific localization of Kismet in CHARGE affected tissues 
may be suggestive of a more stringent requirement of Kismet in these tissues. 
CHD7L has two chromodomains: one ATPase-domain, two helicase 
domains, two BRK domains, and one SLIDE-SANT domain (Hurd et al., 2007; 
Schnetz et al., 2009; Kita et al., 2012; Balow et al., 2013). In CS patients, point 
mutations in CHD7 may arise de novo, and may be present throughout the gene 
(Hurd et al., 2007). The N’-terminal region with the central “chromodomain-
ATPase” and the SLIDE-SANT module is essential for efficient ATP-dependent 
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chromatin remodeling activity (Bouazoune and Kingston, 2012). Approximately 
47% of the CHD7 mutations in CS patients studied were associated with region 
upstream of 1899 amino acids that may lead to defective ATP-dependent 
chromatin remodeling activity of CHD7 (Bouazoune and Kingston, 2012; Janssen 
et al., 2012). The region beyond the 1899 amino acids includes the SANT domain 
and BRK domains. The SANT domain may function as the “histone tail presenter” 
or histone-tail binding module to stabilize histone tail conformation for further 
modification by remodeling enzymes with ATP-dependent catalytic activity (Boyer 
et al., 2004). The function of the BRK domain remains unknown. However, a 
mutation in the second BRK domain that introduced a pre-mature STOP codon 
led to CS (Allen et al., 2007).  
CHDs is of approximately 100kDa. It consists of only one chromodomain 
(putative reader function), and lacks all the other domains of CHDL. CHDs has a 
nucleolar localization, which is dependent on a nucleolar localization signal 
spanning amino acid residues between 641-660 (Kita et al., 2012). 
Taken together this sugggests that there may be a significant level of 
functional impairment in the SANT and BRK domains as well as isoform-specific 
regulation of CHD7 function.  
Kismet structure and localization 
Kismet also encodes two transcripts of 8.5 kb and 17 kb in length that 
encode proteins with approximate molecular masses of 225kDa (2151 amino 
acids, Kis-S), and 574kDa (5322 amino acids Kis-L), respectively (Daubresse et 
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al., 1999; Therrien et al., 2000).  These transcripts are uniformly distributed along 
the anterior-posterior axis throughout Drosophila development with the exception 
of the adult stage. In due course of development, the transcripts begin to 
preferentially localize to the ventral nerve cord and brain in the late embryo 
(Daubresse et al., 1999). Kismet exhibits nuclear localization with ubiquitous 
expression in the Drosophila embryo (Daubresse et al., 1999). Similarly, in the 
third instar larva Kismet exhibits nuclear localization within the central nervous 
system and the ventral nerve cord (Melicharek et al., 2010b). It would be 
interesting to determine how Kismet protein levels are regulated in absence or 
reduction of kismet transcripts in the adult stage. 
Kismet-L has two chromodomains (CD1 and CD2), and an SNF2-ATPase 
domain. The ATPase domain is related to the Brahma ATPase (Brm, 44% 
identity), the SWI2/SNF2, and the CHD family of chromatin remodelers (50% 
identity). Brm is similar to the ATPase subunits of the SWI2/SNF2 of the 
SWI/SNF, the RSC in yeast, and the human BAF and PBAF chromatin 
remodeling complexes (Daubresse et al., 1999; Srinivasan et al., 2005a; Reisman 
et al., 2009). The presence of two chromodomains is also seen in other chromatin 
remodeling proteins, such as CHD1 and Mi2 of Drosophila. Based on sequence 
alignments, Kismet exhibited similarity to other chromatin remodeling proteins, but 
it may be part of a distinct chromatin remodeling complex.  
Kis-L and Kis-S have a common C’-terminal domain of 2105 amino acids. 
The BRK domain of unknown function is encoded by 41 amino acid residues 
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within this common C’-terminal region. The BRK domain is also present in human 
BRG1, and human BRM, proteins.  
Overall, CHD7 and Kismet show similarities with respect to their larger 
isoforms and cellular localization. However, the shorter isoform of CHD7, i.e. 
CHDs, consists of only one chromodomain, and its structure is markedly different 
from that of Kis-S. This may be suggestive of functional disparity between the two 
isoforms, CHDs and Kismet-S; however, this remains to be tested.  
CHD7 has many binding sites in the genome, and there is widespread 
localization of Kismet on the polytene chromosome isolated from the third instar 
larval salivary glands. This is suggestive of a global scale regulation of 
downstream targets genes. First, we will review the roles of CHD7 and Kismet in 
early development of various vertebrate models, in vitro systems, and in 
Drosophila. Then, we will review the roles of CHD7 and Kismet from an epigenetic 
context, and the proposed models for regulation of downstream target genes.  
Developmental Roles of CHD7 and Kismet 
Function of Kismet in early development: A maternal and zygotic 
requirement for Kismet in Drosophila. 
Homeotic genes encode homeobox transcription factors, which confer 
segmental identity along the anterior-posterior axis of the developing embryo 
through transcriptional regulation of a battery of downstream genes. Kismet is a 
trithorax group protein, which positively regulates homeotic gene expression. In 
later stages of development, it serves to maintain heritable states of transcription 
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of homeotic genes, thereby controlling cell fate (Daubresse et al., 1999; 
Srinivasan et al., 2005a; Srinivasan et al., 2008a). Once the pattern of 
transcription of homeotic gene function has been ascertained, Polycomb group 
(PcG) proteins repress hometic gene function by counteracting trithorax group 
protein function.  
Kismet was identified as a dominant suppressor of polycomb gene function 
(Daubresse et al., 1999). It was also identified in a screen for migration of border 
cells during oogenesis (Mathieu et al., 2007). Heterozygous Kismet mutations 
counteract homeotic transformations mediated by heterozygous polycomb 
mutation. However, an increase in the dosage of Kismet enhances homeotic 
transformations caused by polycomb mutations. Since, increase in the level of 
Kismet above certain threshold lead to an inverse effect, it suggests that Kismet 
may have play a modulatory role in maintaining transcriptional homeostasis of 
target genes.    
Loss of maternal Kismet from the developing oocyte led to segmentation 
defects similar to those seen in homeotic genes: even-skipped and pair-rule. 
These defects include: (1) reduction in size and number of body segments; (2) 
deletion of odd-numbered body segments; (3) altered expression of the segment 
polarity gene, engrailed; (4) gross malformation of head structures; and (5) Loss 
of sense organs such as Keilin’s organ and companiform sensilla (Keilen’s organs 
are evolutionary remnants of larval legs. Companiform sensilla are similar to 
mechanoreceptors used to guide motion and balance). The severity of 
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phenotypes showed a positive correlation with the degree of loss of Kismet 
protein (protein null to moderate phonotypes).  
Similar to the gametic requirement of Kismet, in a recent study, CHD7 was 
downregulated in a screen that was carried out to investigate the maternal factors 
required for oocyte developmental competence in mice, specifically correlating 
with fully condensed chromatin state of the oocyte (Ma et al., 2013). This is 
possibly to silence genome transcription during the NSN to SN transition. 
However, the exact role of the maternal requirement of CHD7 remains to be 
understood. 
Loss of zygotic Kismet leads to homeotic transformations similar to those 
seen with sex-combs reduced and abdominal B genes. These homeotic 
transformations were observed using at least two different types of Kismet loss-of-
function mutations: Kiss and Kis1. The homeotic transformations that were 
observed are as follows: (1) the 5th abdominal segment was conferred a more 
anterior identity characterized by loss of pigmentation; (2) reduction in the number 
of sex comb teeth and transverse bristles (and their size); (3) appearance of an 
apical bristle in the first leg; and 4) Abnormal tarsal development in the second 
leg.  
Few CS patients also exhibit limb abnormalities (Zentner et al., 2010a). 
However, these homeotic transformations resulted from zygotic loss of Kismet 
may be unrelated to CS. 
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CHD7 and Kismet function in the development of the central nervous 
system structures 
The severe phenotypic variability in CS, and the broad extent of affected 
organ systems, have supported the idea that developmental defects may arise as 
early as the formation of the neural tube (de Lonlay-Debeney et al., 1997; Tellier 
et al., 1998; Kosaki, 2011). In support of this view, in this section, we will review 
the role of CHD7 as a master regulator that controls transcription of target genes 
in the development of neural tube-derived structures and neural crest cells. The 
neural tube is formed from the dorsal midline folding of the neural plate borders. 
The neural tube ultimately gives rise to the CNS associated structures and the 
spinal cord. 
Kismet and CHD7 in CNS Development 
Occasionally the CNS of CS patients displays anomalies such as midline 
defects (in 22% cases), anatomical asymmetry (in 18% of cases), and hindbrain 
anomalies (in 14% of case) (Tellier et al., 1998; Sanlaville and Verloes, 2007a; 
Janssen et al., 2012). Consistent with this, in the central nervous system, Kismet 
was shown to play important roles during the third instar, larval, pupal, and the 
adult stages of development. It is required in the proper development and 
migration of mushroom body neurons, dorsal cluster neurons, and photoreceptor 
axons (Melicharek et al., 2010b). Specifically, decreased Kismet function may 
lead to defects in axonal pruning, guidance, extension of these neuronal 
populations, and mid-line crossing defects with variable frequency of their 
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occurrence. Behaviors associated with proper functioning of these circuits were 
also affected such as locomotion, learning and memory, and vision. Thus, there is 
potentially a developmental basis for the observed behavioral phenotypes.  
CHD7 is involved in neurogenesis within the mouse hippocampus where it 
has been shown to promote differentiation of neuronal populations. This is 
mediated by CHD7 through nucleosomal remodeling around promoter regions of 
the two genes, Sox4 and Sox11, which confer neuronal identities (Kim and 
Roberts, 2013). While the role of CHD7 in retinoic acid signaling has been shown 
promote proliferation and self-renewal, by maintaining the critical choice points 
between neurogenesis and glial cell fates in the sub-ventricular zone (Micucci et 
al., 2014).  
Kismet and CHD7 in eye development 
Approximately 80-90% of CHARGE patients exhibit anatomical defects of 
the eye such as coloboma of the retina, iris, microphthalmia, and oranophthalmia, 
leading to loss of vision. Kismet is ubiquitously expressed in the fly retina. It has 
also been shown that Kismet is an upstream regulator of the transcription of 
proneural gene atonal. Atonal is required for proper formation of retinal founder 
R8 cells, and Kismet regulates early events at, and near, the morphogenetic 
furrow, thereby underscoring the importance of Kismet in eye development 
(Melicharek et al., 2008a). Additionally, adult flies with reduced Kismet function 
exhibit slightly rough and pronounced glassy eye phenotype. This is consistent 
with the identification of Kismet through a genetic screen as a modifier of kinase 
suppressor of ras-dependent rough eye phenotype (Therrien et al., 2000). This 
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may be suggestive of cross talk between the components of pathways for atonal-
dependent development of photoreceptor cell populations and RAS-MAPK 
dependent differentiation of the eye. Kismet was also identified in the control of 
circadian light responses (Dubruille et al., 2009b).  
The zebrafish chd7 is highly similar to CHD7 with the exception that it lacks 
one BRK domain (Balow et al., 2013). The zebrafish chd7 transcript exhibits 
ubiquitous expression during early embryogenesis and high expression in the 
brain and eye 48 hour post fertilization. In zebrafish as well, chd7 is required for 
normal eye development. Dose-dependent effects were displayed of the injected 
chd7-MO. Reduced chd7 led to underdevelopment of eye lens or missing anterior 
eye structures, phenotypically small eyes, and lack of the photoreceptor cell layer 
(Patten et al., 2012; Balow et al., 2013). It also led to reduced expression of ezn-8 
marker which suggest that Chd7 may be required for differentiation of retinal 
ganglion, proper retinal organization and lamination. 
Similarly, in Xenopus embryos, expression of the catalytically inactive 
hCHD7 ATPaseK998R led to coloboma of the eye, and midline defect was 
manifested in the form of decrease in eye distance (Bajpai et al., 2010).  
The 45S pre-RNA is the transcript of rDNA (Balow et al., 2013). A reduction 
in the 45S pre-RNA levels in eye and ear of chd7 gene trap mice has also been 
reported (Zentner et al., 2010b). The 45S pre-rRNA undergoes intron splicing to 
generate the ribosomal ribonuecleic acid (r-rna). R-rna is a component of the 
ribosomes that are fundamental to the process of protein synthesis.  Since in this 
mouse study, 45S pre-RNA levels were decreased, a concomitant decrease in 
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45S r-rna levels in the eye and ear tissue may be predicted due to defective pre-
rRNA processing. A reduction in r-rna levels may in turn lead to reduced 
abundance of target proteins involved the eye and ear formation. However, this 
reduction in 45S pre-RNA levels was not observed in zebrafish and it was 
reasoned that the reduction may be tissue and developmental-stage 
specific(Balow et al., 2013). We discuss later in this chapter, the possibility of an r-
rna reduction due to decrease in CHD7 function and its implications to the etiology 
of CS.  
In craniofacial development 
A majority of CS patients display cranial nerve abnormalities that manifest 
in the form of difficulty in breathing, swallowing, and uni or bilateral facial palsy. 
Zebrafish with reduced chd7 also display craniofacial cartilage defects (Balow et 
al., 2013). Several developmental abnormalities are associated with cranial motor 
neurons, facial branchiomotor neurons, and vagal motor neurons (Patten et al., 
2012). Disorganized or reduced number or absent cranial neural crest populations 
have also been reported (Patten et al., 2012). 
CHD7 in ear development and olfaction 
CHARGE-like phenotypes have also been reported in Chd7 gene-trap 
mice. These mice exhibit reduced growth, inner-ear defects, and circling and 
head-bobbing behaviors. These are consistent with vestibular defects associated 
with CS (Hurd et al., 2007). Consistent with this, the chd7-MO zebrafish displayed 
circling swimming behavior in response to tactile or auditory stimulus. The 
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zebrafish also displayed asymmetry in either the size of otliths, or the presence of 
just one otolith. Additionally, anatomical defects in size, and morphology, of 
semicircular canals were also seen (Patten et al., 2012).  
CHD7 regulated expression and patterning of proneural genes involved in 
inner ear formation, and genes in multiple pathways that lead to semicircular 
canal formation (Hurd et al., 2010; Hurd et al., 2012). Mice models of CHD7 
displayed middle ear defects in the form of low to mid-frequency hearing loss. 
These stem from mild elevation in hearing threshold measured by auditory 
brainstem response (sensorineural), and flattened or absent DPOAE (distortion 
product otoacoustic emission) or absent conductive (mechanical) hearing loss 
(Hurd et al., 2011a).  
CHD7 was also shown to positively regulate neural stem cell proliferation 
and olfactory sensory neuron formation (Layman et al., 2011).  
CHD7 is required for the development and maintenance of GnRH neurons 
for regulating puberty and reproduction. Reduced CHD7 resulted in: (1) 
Decreased GnRH neurons in hypothalamus and cellular proliferation (reduced 
expression of genes associated with proliferation and neurogenesis in the 
olfactory placode); (2) Decreased LH and FSH but normal response to GnRH 
agonist and antagonist; and (3) Reduced expression of Otx2, GnRH1 (both in 
hypothalamus suggests reduced signaling in the hypothalamus) and GnRHR in 
pituitary (Layman et al., 2011).  
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CHD7 in Spinal Cord Development 
The lesser common spinal abnormality in the form of scoliosis is observed 
in CS. Studies in zebrafish have provided a basis for involvement of CHD7 in the 
development of this abnormality (Gao et al., 2007; Jacobs-McDaniels and 
Albertson, 2011).  
In the ventral nerve cord, Kismet localizes within the nuclei of motor 
neurons and multinucleated muscle cells of the larval body wall muscles 
suggestive of Kismet function at the neuromuscular junction. Consistent with 
hypotonia, or decreased muscle tone, observed in 90% of CS patients, we have 
shown that there is a pre-synaptic basis for reduced number of muscle 
contractions (unpublished results).  
In zebrafish, reduction of chd7 using chd7 morphants indicated that ChD7 
is an important regulator of somitogenesis (Jacobs-McDaniels and Albertson, 
2011). Decreased chd7 function leads to left-right asymmetry of the presomitic 
mesoderm due to asymmetric expression of genes involved in somitogensis 
patterning. Skeletal malformation due to improper somite boundary, and 
segmental vasculature defects were also seen. A CHD7 polymorphism has also 
been implicated in spinal deformities. They display curvature of long body axis, 
decrease in bone ossification, and mineralization of the spine and abnormal 
shaped vertebrae (reduced or absence of vertebral spines) (Jacobs-McDaniels 
and Albertson, 2011; Patten et al., 2012). 
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CHD7 in neural crest development 
Neural crest cells are derived from the neural plate border ectoderm post- 
gastrulation. They are transient, migratory cells with broad differentiation 
capability. They form diverse structures such as neurons, glial, peripheral nervous 
system, melanocytes, craniofacial cartilage, and bone and smooth muscle. After 
formation of the neural tube, neural crest cells undergo epithelial to mesenchymal 
transition to become migratory, and begin to differentiate giving rise to various 
structures. The role of CHD7 in neural crest development was studied in Xenopus 
laevis and human neural crest-like cells (hNCLC) in vitro.  
In Xenopus laevis embryos, knockdown of the catalytically active ATPase 
domain of CHD7 (CHD7K998R) recapitulated phenotypes associated with CS. 
CHD7 also affected migration of cephalic NC cells to pharengeal arches in vivo. 
CHD7 function is also required for the formation of the migratory human neural 
crest-like cells (hNCLC’s) in vitro. However, it is not essential for the earlier events 
at the neural plate border territory. In hNCLC’s, CHD7 cooperated with PBAF 
(related to SWI/SNF) to regulate expression of genes (Twist, Sox9 and Slug) 
involved in neural crest formation and migration (Bajpai et al., 2010; Balow et al., 
2013). Specifically, CHD7 and BRG1 co-occupy Sox9 distal enhancer and 
genomic region upstream of Twist1 with a concomitant enrichment of H3K4Me1 
marks. Thus, CHD7 and BRG1 may function together to influence cell migration 
and gene expression of neural crest specifiers in a manner specific to neural crest 
cells. This correlation between CHD7 and BRG1 in mouse ES cells was 
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independently confirmed by Peter Scacheri’s group at Case Western Reserve 
University, OH.  (Schnetz et al., 2010). 
From these studies it is evident that CHD7 and Kismet function in the 
proper development of the oocyte and zygote, the early embryo, and throughout 
embryogenesis. They may perhaps, in later stages of development, have very 
specific roles in modulating spatio-temporal pattern of gene expression by 
maintaining a fine balance between differentiation and proliferation in cellular and 
neuronal populations.  
CHD7 and Kismet share similar yet distinct roles in development, which 
can be correlated to their structure. The developmental roles of CHD7 and Kismet 
described may involve differences not in only the mode of chromatin remodeling, 
but also association of CHD7/Kis in different complexes to modulate suppression 
or activity of target genes. But how do CHD7 and Kismet regulate gene 
expression of target genes? In the next section we will review their specific roles 
in chromatin biology. 
Epigenetic role of CHD7 
CHD7 in chromatin remodeling and chromatin occupancy 
CHD7 is an ATP-dependent nucleosomal remodeling factor (Bouazoune 
and Kingston, 2012). It is biochemically similar to hSWI/SNF, as both require 
energy from ATP hydrolysis to expose the nucleosomal DNA to cleavage. CHD7 
is also similar to SNF2H for its ability to slide the nucleosome octamer to the 
center of DNA fragment. It is similar to ISWI and Chd1p enzymes, as it requires 
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DNA protruding from nucleosome as substrate for remodeling. CHD7 can remodel 
intact, as well as tail-less, histones; however, remodeling activity was slower in 
tail-less histones (Bouazoune and Kingston, 2012).  
A ChIP-ChIP study showed that CHD7 was highly distributed to regions 
distal to, and at, transcription start sites in human colorectal carcinoma cells 
(Schnetz et al., 2009). DNAse-chip in these cells demonstrated a strong 
correlation between CHD7 binding within regions of open chromatin and a 61% 
overlap with DNAse sites that are thought to consist of regulatory elements such 
as enhancer and insulators (Schnetz et al., 2009). Similarly, a majority of CHD7 
binding sites showed overlap with these upstream regulatory regions in SH-SY5Y 
cells; however, binding of CHD7 was lineage-specific. These findings were  
consistent with the association of CHD7 with transcriptionally active genes. In 
these two cell lines, CHD7 showed a higher degree of correlation with the 
H3K4Me present at sites distal to transcription start sites (TSS), which is a mark 
associated with enhancers. However, it did show some correlation in binding to 
H3K4Me3 at TSS, which is a mark associated with active genes and H3K4Me2 at 
sites present at TSS and distal to TSS (Balasubramanian et al., 2012). The 
chromodomains of CHD7 bound all methylated forms of H3K4 in vitro.  
Based on these studies it is indicative that CHD7 may function as an 
enhancer to mediate gene expression. However, the expression of genes directly 
regulated by CHD7 was only subtly affected. Mutations in CHD7 that disrupt 
protein-protein interactions, and ATP-dependent chromatin remodeling activity, 
may lead to subtle alterations in target gene expression; but, it may still have a 
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significant impact on organismal development (Schnetz et al., 2010; Bouazoune 
and Kingston, 2012). 
To examine the role of CHD7 in embryonic stem cell differentiation, CHD7 
binding sites were determined in mouse ES cells and differentiated neural 
precursor (NP) cells. In these two types of cells as well, CHD7 binding sites 
correlated with all forms of H3K4 methylation, but with higher degree of overlap 
with either mono or di methylation of H3K4.  Further, CHD7 concomitantly 
changed with the mono-, and di-, methylation marks from the undifferentiated to 
differentiated state. CHD7 binding sites also correlated with P300 protein, which is 
a strong predictor of enhancer activity. Taken together, these studies suggest that 
CHD7 not only occupied open regions of chromatin and showed strong correlation 
to epigenetic signatures H3K4Me1, H3K4Me2 associated with enhancer regions, 
but also to P300 (Schnetz et al., 2010; Zentner et al., 2010b).  
CHD7 also showed strong correlation with Oct4, Sox2 and Nanog that are 
considered to be ES master regulators. This is in line with the view that CHD7 
may function in enhancer-mediated transcription of ES-specific genes. These data 
strongly suggest that CHD7 may function as an enhancer, and may forms a 
complex with these transcription factors to modulate mouse ES-cell specific gene 
expression (Schnetz et al., 2010). However, it was determined that CHD7 favored 
repressive modulation of ES-cell specific genes.  
CHD7 may be part of a complex with Oct4, Sox2, and Nanog in the ES cell 
transcriptional circuitry, but it was dispensable for ESC self-renewal, pluripotency 
(Schnetz et al., 2010). Consistent with this, CHDL and CHDs co-
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immunoprecipitated with FLAG-Sox2, but had opposite effects on Sox2-mediated 
transcription of Jag1 and Rbpj (regulators of notch signaling) and Fgf4 and utf1 
(markers of ES cells). CHDL alone promotes Sox-2 mediated transcription of Jag1 
and Rbpj and suppresses that of Fgf4 and utf1. CHDL and Sox2 may thus be part 
of a complex that mediate positive effects on gene transcription of downstream 
genes that are critical to neural stem cell development (Kita et al., 2012). In 
contrast, CHDs might shuttle between the nucleolus and nucleoplasm, with a 
preference for nucleoplasm when Sox2 is abundantly expressed. CHDs interacts 
with Sox2 (but not with Oct3/4) to mediate antagonistic effects to that of CHDL to 
regulate notch signaling and ES cell markers (Kita et al., 2012). Thus, CHD7 
isoforms have localization-specific effects.  
Model of CHD7 mediated gene transcription 
Based on these studies, the proposed model for CHD7-mediated gene 
transcription is that CHD7 may bind to enhancer regions and facilitate interaction 
between enhancer-promoter regions by looping. This would bring the enhancer in 
the vicinity of the promoter regions to modulate gene transcription along with other 
cofactors (Zentner et al., 2010a). This may be facilitated by the ATP-dependent 
chromatin remodeling activity of CHD7 to make target DNA regions more 
accessible to transcriptional co-activators. 
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Epigenetic role of Kismet  
Kismet at the Level of Epigenetics and Mechanism of Action on 
Downstream Target Genes 
Genome-wide distribution of Kismet has not been studied by Chip-seq 
approaches; however, the distribution of Kismet was largely drawn from polytene 
chromosome staining.  Kismet has widespread distribution on the Drosophila 
salivary gland, which co-relates with the interband regions or regions with active 
transcription. Its occupancy also parallels that of RNA polymerase II (Srinivasan et 
al., 2005a). However, overexpression of Kismet-L does not lead to alterations to 
the polytene chromosomal structure (Fasulo et al., 2012). The polytene 
distribution suggests that Kismet may play a global role transcriptional regulation. 
However, the cytological positioning may not be effective predictors of specific 
neuronal identities. 
Unlike the successful in vitro binding of CHD7 with histone tail 
modifications, the binding of the CD2 domain of Kismet with unmethylated, or 
methylated, histone tail modifications could not be established in vitro; however, 
the possibility of full length Kis-L interacting with histone tail modifications has not 
been ruled out. A high degree of overlap, as well as many non-overlapping sites, 
for the distribution of Kis-L with respect to H3K4Me2 and H3K4Me3 marks on the 
polytene chromosomes were seen. However, there were also differences in the 
level of Kis-L and H3K4 methylation. Through a ChIP study, enrichment of Kis-L 
was observed at the transcription start site of the forkhead. This was consistent 
with a previous finding where Kis-L was enriched around the promoter region of 
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the ultrabithorax (Papp, 2006) .There was no apparent correlation between Kis-L 
and H3K4Me3 distribution of the fkh. These results suggested that H3K4 
methylation does not influence the recruitment of Kis-L to the chromatin 
(Srinivasan et al., 2008a). These results are unlike those obtained for CHD7 and 
H3K4 methylation marks as described in the earlier section. However, since these 
were not a genome-wide study for Kismet, a positive correlation between Kis-L 
and the H3K4 methylated marks associated with active gene transcription may not 
be ruled out.  
In the following section we will review the mechanism of gene repression 
by Polycomb proteins and discuss the mechanism by which Kismet counteracts 
repression by polycomb group proteins. 
Mechanism of gene repression by polycomb 
Polycomb Group Complex (PCG) is formed by Polycomb protein 
interaction with polyhomeotic, sex-comb middle and posterior sex comb proteins. 
Other examples of interactions of the PCG group proteins include the enhancer 
zeste (EZ) with extra sex combs (ESC). PC may repress Hox genes by binding to 
the cis-regulatory element polycomb response element (PRE). The PRC1 
complex composed of PC and other polycomb group proteins may be recruited to 
the PRE indirectly, i.e., by the EZ/ESC complex mediated H3K27 methylation 
near promoters. Alternately, EZ/ESC may further help stabilize the interaction of 
PRCI with the DNA (Daubresse et al., 1999; Srinivasan et al., 2005a; Srinivasan 
et al., 2008a). Once targeted PRC1 may either (1) repress hox genes by blocking 
enhancer-promoter interactions to affect pre-initiation complex assembly; or (2) 
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act directly on the components of the assembled basal transcriptional machinery 
(such as direct interaction with TFIID) and serve to inhibit early stages of 
transcriptional activation possibly by Kismet. It is still not clear if this step is 
dependent on chromatin remodeling. Direct link for this has not been established; 
however, evidence point more for the former (Daubresse et al., 1999).  
Mechanism of Counteracting Polycomb Repression by Kismet 
Polycomb proteins repress homeotic gene function. It is suggested that 
Kismet counteracts polycomb-mediated repression. Kismet may be recruited to 
the vicinity of the promoter region of target genes by its indirect association with 
CHD1, which is known to bind to the histone modification H3K4Me (Srinivasan et 
al., 2005a; Srinivasan et al., 2008a). Kismet may recognize this modification by 
virtue of its chromodomain. Once Kis-L is recruited in the vicinity of the target 
promoter regions, it may either counteract the polycomb complex PRC1, or 
interfere with EZ/ESC binding and repression through nucleosomal repositioning 
and/or modification of histone tails near polycomb repressor elements (PREs) 
rather than affecting the binding of PC with the chromatin (Srinivasan et al., 
2005a). The EZ/ESC bindings are known to introduce an H3K27Me3 mark 
throughout the gene, which favors transcriptional repression, by PC. Kismet was 
shown to negatively regulate H3K27 methylation, and may further counteract PC 
repression mediated by H3K27Me3 to promote target gene expression in the 
following ways: (1) Kis-L was shown to positively regulate the association of ASH1 
and TRX methyltransferases with the chromatin (Srinivasan et al., 2008a); and (2) 
Kismet is thought to be necessary, but not sufficient, for recruitment of ASH1, as 
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overexpression of Kismet did not lead to alterations in the level of ASH1 (Dorighi 
and Tamkun, 2013). Based on these findings, it is suggested that Kismet may 
recruit ASH1 and TRX methyltransferases to mediate histone modifications that 
positively effect target gene transcription. Kis-L is also a positive regulator of 
H3K36 di and tri methylation. Kis-L may promote H3K36 tri methylation by SET2 
domain protein and di methylation in an ASH1-dependent manner to counteract 
H3K27Me3. Additionally, it is suggested that TRX may also counteract H3K27Me3 
by promoting H3K27 acetylation in the vicinity of the promoters by its physical 
association with CBP in the TAC1 complex (Dorighi and Tamkun, 2013).  
Kismet may then affect transcription through a mechanism distinct from its 
initial recruitment (Dorighi and Tamkun, 2013). Kismet regulates transcription of 
target genes by events downstream of P-TEFb and RNA Pol II recruitment. Once 
RNA Pol II has been recruited, Kismet would facilitate an early step in 
transcriptional elongation after promoter clearance. It is also suggested that 
kismet acts downstream of other related chromatin remodeling proteins, such as 
BRM, but upstream of CHD1 chromatin remodeling proteins.  
Thus, Kismet may be a chromatin reader that recruits chromatin writers to 
mediate positive effects on gene transcription. Reduced Kismet function may lead 
to misregulation of target gene transcription due to defects in the transcriptional 
elongation step (Dorighi and Tamkun, 2013). It is also suggested that loss of 
Kismet protein function would lead to increase in the levels of H3K27 methylation, 
and would consequently lead to repression of downstream genes for example) 
inhibiting stem cell differentiation (Srinivasan et al., 2008a). 
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CHD7 in rRNA biogenesis: CS may be a ribopathy 
CHD7 was shown to be a positive regulator of rRNA biogenesis through 
studies carried out in the mouse ES cells (Chd7+/- and Chd7-/-) and the mouse 
Chd7+/- embryos. CHD7 positively regulated the levels of the 45S pre-rRNA, which 
is the precursor for mature rRNA essential for protein synthesis (Zentner et al., 
2010b). As evidenced by ChIP and ChIP-seq, CHD7 directly bound to multiple 
sites along rDNA in mouse ES DLD1-A2 cells; these sites correlated with regions 
of hypomethylation in DLD1-A2 cells. It is suggested that CHD7 may use ATP-
dependent chromatin remodeling activity to slide nucleosomes along rDNA to 
open chromatin inhibiting methylation by methyltransferases recruited by 
nucleolar remodeling complex (NoRc). CHD7 showed positive correlation with 45s 
pre-rRNA levels in DLD1-A2, mouse ES, and whole mouse embryos as described 
above (Zentner et al., 2010b); it reduced protein synthesis followed by cell 
proliferation in DLD1-A2 cells 5 days post-transfection with siRNA against CHD7. 
Thus, CHD7 may be involved in either the maintenance of active state or initiation 
of expression of rRNA.  
Nucleolar genes may also be regulated by CHD7 in addition to pre-rRNA. 
Neural crest defects in CS may be explained in the context of rRNA, as these 
require high levels of protein synthesis and migration, and are the precursor cell 
which give rise to tissues involved in CS (Zentner et al., 2010b). Thus, reduction 
in 45S pre-rRNA levels can be strongly implicated in the pathogenesis of CS 
(Zentner et al., 2011). Additionally, CHDL and CHDs may work synergistically to 
positively regulate 45S pre-rRNA levels and cell proliferation in vitro in HeLa cells 
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(Kita et al., 2012). However, the nucleolar localization signal of CHDs is thought to 
be essential for this regulation. 
Histone demethylase is the suppressor of r-RNA genes. A complete rescue 
of cell proliferation defect was observed in zebrafish using a morpholino for the 
suppressor of r-RNA genes- Fbxl10/Kdm2bb (histone demethylase) (Balow et al., 
2013). Morpholino knockdown of jumonji-containing domain of histone 
demethylase in zebrafish embryos led to complete rescue of CHARGE-like 
phenotypes (Balow et al., 2013). 
Role of Kismet beyond the CS model  
Role of Kismet in wing development 
Kismet also plays a role in Drosophila wing development and patterning. 
Reduced kis function leads to the presence of extra cross vein tissue and wing 
patterning defects. These defects are similar to those observed in genetic 
interaction studies between Kismet and corto, misregulation of EGFR signaling 
and misexpression of hedgehog (failure to repress).  
It is suggested that Kis may be a part of a distinct chromatin remodeling 
complex that governs wing patterning in flies, and that this complex may contain 
the subunits BAP, PBAP (homolog of PBAF) (Lopez et al., 2001; Melicharek et al., 
2010b; Terriente-Felix et al., 2011). Decreased Kismet function also produces a 
held-out-wing phenotype. Genetic interaction of Kismet with another member of 
the Trithorax group of proteins, tonalli also produces this phenotype (Gutierrez et 
al., 2003).  
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Kismet and CHD8 and other complexes 
Kismet is most similar to CHD7; however, it is also thought to be an 
ortholog of CHD8 protein (Terriente-Felix et al., 2011). CHD8 also belongs to 
subclass III in the family of CHD proteins. The domain structure is similar to that of 
CHD7, except that it does not contain the SANT domain (Schnetz et al., 2009). 
CHD8 and Kismet negatively regulated the transcription of target beta-catenin 
genes in HCT116, and S2, cell lines, respectively (Thompson et al., 2008). Thus, 
Kismet may be part of distinct complexes to achieve target gene activation or 
suppression. CHD8 interacts with p300 and BRG1 among other proteins that have 
the ability to impart the chromatin with more open structures (Thompson et al., 
2008). These other interacting proteins have also been proposed to be part of a 
complex with CHD7. This is suggestive of common underlying mechanism of 
CHD7/CHD8 regulation in the pathogenesis in CS (Melicharek et al., 2010b).  
These findings are in agreement with the view that CHD7 may be part of 
different multi-subunit protein complexes depending on cell-type specificity. 
Moreover, the identity of the CHD7-containing protein complex at a given 
enhancer site may change through development (Martin, 2010).   
Concluding Remarks 
These studies have increased our understanding of CHD7 and Kismet from 
an epigenetic, cellular and developmental perspective. CHD7 and Kismet have 
broad developmental roles that are overlapping and distinct.  
The signaling events mediated by CHD7 in the central nervous are not well 
understood. The identification of specific neuronal populations regulated by CHD7 
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and direct targets of its regulation in the central nervous system will be essential 
to understand protein-protein interactions, the complexes it may participate in and 
the signaling events mediated by it. How interacting partners of CHD7 and Kismet 
in chromatin remodeling complexes change through development will help 
elucidate developmental-specific roles for these proteins.  
The downstream targets of CHD7 will be crucial to the development of 
therapeutic agents to treat CS patients. Drug screening in fruit flies may be a 
valuable tool for identifying potential therapeutic agents for further development in 
a time and cost-effective way.  
Drosophila is a simple, yet powerful model organism that may be employed 
to gain further insights into and expand upon studies relevant to CHARGE 
syndrome and determine evolutionarily conserved roles among other 
chromodomain proteins in higher vertebrates.  
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Abstract 
Background 
Glutamatergic synaptic transmission forms the basis of locomotion, 
learning and memory, and perturbation in this system has been linked to 
neurodegenerative disorders. Our work is novel in such that it identified a 
requirement for an epigenetic transcription factor, and a putative chromatin 
remodeling protein, in the regulation of glutamatergic signaling across the 
Drosophila neuromuscular junction (NMJ) synapse. Our findings may be extended 
to underlying mechanisms that affect locomotion and muscular defects in patients 
with the neurodevelopmental disorder of CHARGE syndrome. 
Results 
We report that the Kismet protein function plays an important role in 
neurotransmission in Drosophila. We also show that Kismet function is essential 
for the regulation of behaviors associated with coordinated muscle movement. At 
the cellular level it is required for proper synaptic transmission and clustering of 
glutamate receptors. 
Conclusions 
We conclude that Kismet positively regulates glutamate receptor clustering 
and synaptic function at the Drosophila neuromuscular junction. 
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Introduction 
Ubiquitous knockdown of kismet causes deficits that correspond to several 
abnormalities associated with CHARGE syndrome. 
L-Glutamate forms the basis of processes such as locomotion and motor 
control, learning and memory tasks, alteration of synaptic efficacy, and brain 
maturation during development (Sinakevitch, 2010). It is the neurotransmitter in 
mammalian and insect central synapses, and in the Drosophila CNS and NMJ 
(Rival et al., 2006). Dysregulation of glutamatergic signaling pathway has been 
associated with neurodegenerative disorders such as Fragile X syndrome, and 
Alzheimer’s and Parkinson’s disease (Sinakevitch, 2010). The identification of 
regulators that modulate synaptic functioning may serve as important therapeutic 
targets (Niswender and Conn, 2010). Through this work we will discuss a novel 
role for the putative chromatin remodeling protein Kismet in Drosophila 
glutamatergic signaling that may be extended to higher organisms. Additionally, 
these findings may hold relevance for an epigenetic mechanism of regulation in 
the development of neurons that affect specific neuronal processes.  
As discussed in the previous chapter, Kismet is an epigenetic transcription 
factor in Drosophila. A “Held-Out-Wing” (HOW) phenotype was observed in flies 
when Kismet was knocked down ubiquitously using the GAL4-UAS system 
(Andrea H. Brand, 1993b). In addition to this defect, these flies displayed defects 
in their climbing behavior (a test for locomotion and motor co-ordination), defects 
in axonal pruning in mushroom body neurons, and defects in extension and 
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migration in dorsal cluster neurons and photoreceptor axons (Melicharek et al., 
2010b).  
Previous work from our lab indicated that Kismet function was specifically 
required in the adult muscles, but not in motor neurons, for climbing behaviors 
(Melicharek et al., 2010b). From our microarray study, we detected significant 
reductions in the gluRIIB and gluRIIC subunits in the pre-pupae with reduced 
Kismet function (unpublished). Taken together, these data suggested that kismet 
function might be required in glutamatergic signaling in Drosophila.  
In addition to better understanding basic neurodevelopment and function, 
the relevance of these findings may be extended to the neurodevelopmental 
disorder CHARGE Syndrome (CS). CS is a complex disorder that affects multiple 
organ systems. The affected individuals display high variability in their phenotypic 
spectrum. Besides the features discussed in Chapter 1, CS patients exhibit 
impairment in their motor skills and co-ordination, and musculoskeletal anomalies 
(Melicharek et al., 2010b). 90% of CS patients exhibit hypotonia, or decreased 
muscle tone. Mutations in the Chromodomain Helicase DNA binding domain 
protein 7 (CHD7) are associated with two-third cases of CS (discussed further in 
Chapter 1).   
Kismet is the only known Drosophila homolog of CHD7. The HOW postural 
defect in flies with reduced Kismet protein function is reminiscent of hypotonia 
observed in these CS patients. Similarly, the severe defects in coordinated 
muscle movement of these flies may be related to the impairment of motor skills 
and co-ordination in CS patients. Taken together, the altered phenotype and 
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defective behaviors associated with reduced Kismet function were suggestive of 
misregulation of glutamatergic signaling. Consistent with this, the downregulation 
in gluR subunit genes from our microarray provided additional evidence for 
investigation of the glutamatergic Drosophila neuromuscular junction synapse. We 
hypothesized that Kismet may play a role in synaptic development by 
epigenetically regulating the transcription of gluRs in order to maintain proper 
synaptic signaling at the NMJ. 
Formation of the Drosophila neuromuscular junction synapse and 
glutamate receptors. 
The Drosophila NMJ is a well established model system to study synaptic 
morphology and function (Rasse et al., 2005) (Vivian Budnik, 2006). Motor 
neurons innervate specific muscle segments of the larval body wall in a 
stereotypical fashion forming branched synaptic terminals called boutons (Vivian 
Budnik, 2006). Two glutamatergic type I motor neurons - MN6/7-Ib and MNSNb/d-
Is - project their axons from the neuropilar region of the ventral nerve cord into the 
larval body wall segment A3 muscle 6/7 forming the NMJ synapse specific to this 
segment and muscle.  
The formation of the Drosophila NMJ synapse is a precisely coordinated 
process. The development of the NMJ synapse takes place 10-13 hours After Egg 
Laying (AEL) (Ganesan et al., 2011). The development of the NMJ involves tightly 
regulated processes of axonal path-finding and the motor neuron must contact its 
muscle partner by target matching (Rose and Chiba, 2000). The growth cone 
filopodia of the motor neuron comes into contact with the muscle myopia. What 
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follows this event is the filopodial retraction, and its flattening to form the tip of the 
axon, i.e., the pre-synaptic terminal (Sigrist, 2012). The pre-synaptic nerve 
terminal begins to match the size and growth of the post-synaptic muscle cell by 
an increase in the number of boutons and branching. Specific pre-, and post-, 
synaptic proteins begin to localize in these two compartments. These events are 
evidenced by morphological, electron microscopic observations, and 
electrophysiological changes. Prior to innervation, post-synaptic GluRs and their 
transcripts are known to be present diffusely in the muscle cell (Sigrist, 2012). The 
nerve contact, or innervation, marks the recruitment of glutamate receptors to the 
post-synaptic density. However, one study showed that the cell-cell contact event 
initiates a 20-fold increase in the expression of gluRs. After this, there is a sharp 
decrease in the relative abundance of GluR mRNAs; however, the GluR protein 
abundance increases steadily during development (Ganesan et al., 2011). These 
events are followed by further maturation of the larval synapse (24-120h AEL) 
(Ganesan et al., 2011).  
The Drosophila NMJ synapse is glutamatergic, wherein L-glutamate is the 
neurotransmitter which mediates fast excitatory transmission. (Aaron DiAntonio, 
1999; Featherstone, 2000). The ionotropic glutamate receptors cluster at the post 
synaptic density (PSD), opposite to the pre-synaptic active zones and the vesicle 
release machinery (Marrus and DiAntonio, 2004). GluRs are cationic non-NMDA 
ligand-gated ion channels that are responsive to the neurotransmitter L-glutamate 
(Heinrich Betza, 1993; Haghighi, 2003; Vivian Budnik, 2006). The post-synaptic 
GluR subunits are exclusively present at the Drosophila NMJ, and are the only 
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receptors ionotropic receptors that bear sequence similarity to vertebrate AMPA 
and Kainate receptors (30-40% identity, 40-50% similarity). Glutamate released 
by motor neurons bind to GluRs on the post synaptic membrane, causing ion 
channels to open, which lead to depolarization and muscle contraction (Jan, 
1976).  
A functional GluR is a hetero-tetramer of the three essential or invariant 
sub-units GluRIIC, IID, IIE, and the fourth sub-type is a variant one - which may 
be either IIA or IIB. The invariant subunits are required for viability and clustering 
of other receptor subtypes at the NMJ (DiAntonio et al., 1999b). Thus, the GluRs 
at the NMJ regulate synaptic plasticity through differential expression of receptor 
sub-types IIA and IIB (Marrus et al., 2004a; Vivian Budnik, 2006). GluRIIA and IIB 
exhibit differences in single channel properties, synaptic currents, second-
messenger regulation, and localization patterns. Over-expression of GluRIIA 
increases quantal size (post-synaptic response generated by a single vesicle 
fusion event), while, over-expression of GluRIIB decreases quantal size but leads 
to a compensatory increase in quantal content (DiAntonio et al., 1999b). The 
channel kinetics of GluRIIB receptors is faster than GluRIIA. Thus, GluIIRA 
receptors accommodate for more time of depolarization and generate stronger 
post-synaptic responses than GluRIIB receptors. Nascent synapses are 
predominantly the A-type GluRs, and the ratio shifts to more B-type complexes in 
due course of development (Kim et al., 2012). When averaged across all mature 
third instar synapses, GluIIRA showed similar abundance to GluRIIB (Sigrist, 
2012). Therefore, GluRIIA-type and IIB-type receptors regulate synaptic function. 
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It has also been suggested that these two receptor types may have differences in 
ion permeability; however, this possibility has never been tested. A recent study 
showed that “neto” serves to function as the accessory subunit of the functional 
GluR complex. It is required for the initial clustering of GluRs; it co-localizes with 
GluRs at the PSD opposite to active zones, and it is required for synaptic function 
(Kim et al., 2012). 
Based on our preliminary findings, we predicted that a reduction of kismet 
function by RNAi would lead to decreased mRNA biogenesis of gluRs, and may 
possibly translate to their protein levels. Decreased glutamate receptor number 
would lead to impairment of glutamate signaling across the NMJ synapse, and 
defects in associated behaviors. 
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Experimental Procedures 
Drosophila Stocks 
The work done for ubiquitous knockdown of kismet by RNAi was accomplished 
using the following stocks, which are publically from the Vienna Drosophila 
Research Center (VDRC) or the Bloomington (BL) stock center.  
1. w1118         (Bloomington) 
2. +; UAS:204/UAS:204; +           VDRC #10762   (Melicharek et al., 2010b) 
3. +; +; UAS:203/UAS:203;+        VDRC#46685    (Melicharek et al., 2010b) 
4. +; +; da:gal4/da:gal4; +            (Melicharek et al., 2010b) 
5. Elav-Gal4/ELAV;Kismet-GFP/Kismet-GFP;UAS:CD8-RFP/UAS:CD8-RFP  
(was created) 
6.  w*; P{GawB}D42,P{UAS-n-syb-GFP.E}3/TM3, Sb1 
7. Ts(YLt;2Lt)L124, B[S] / SM6a, al[2] Cy[1] dp[lv1] cn[2] sp[2]  
     (DGRC 101810)  (Kyoto stock center) 
8. X/Ykis+Bar; UAS:204 RNAi/UAS:204 RNAi      (created) 
The stocks and crosses were maintained in 25°C incubator on standard cornmeal, 
molasses and agar medium. The rescue line was created using an appropriate 
genetic strategy from the stocks listed above. 
Immunohistochemistry and antibodies 
Wandering third instar larvae were used for dissections. The dissections were 
carried out on a sylgard-coated petri dish. HL3 (Ringer’s saline) and Bouin’s 
solution were used for dissection and fixation of tissues for glutamate receptor 
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immunohistochemistry. Buffered phosphate solution was for dissection for use 
with antibodies other than GluRs. The characterization of the architectural 
changes in the pre and post-synaptic densities were carried out by 
immunofluorescence studies using standard markers for junctional proteins. The 
following antibodies were used to label the pre and postsynaptic components of 
the NMJ. Post-synaptic proteins: GluRIIB (1:20), GluRIIC (1:50) antibodies were 
kind gifts from Dr. Aaron Di Antonnio’s lab (Washington University in St. Louis). 
GluRIIA [8B4D2 (MHB2] at 1:100] and discs large [(DLG1) at 1:500] antibodies 
were obtained commercially from Developmental Studies Hybridoma Bank 
(DSHB). GluR cluster sizes were measured from Z-projected images as described 
in (Featherstone et al., 2002a). 
Pre-synaptic labeling: Bruchpilot (nc82 at 1:100), CSP(D-CSP-1 at 1:2000), 
FasII (1:5) were also obtained  through (DSHB). The neuronal membranes were 
stained using horse raddish peroxidase. Fitc conjugated Goat anti-HRP (cat# 123-
095-021) was obtained from Jackson Immunoresearch. Mounting medium used 
was Vectashield (Vector Laboratories, H-1000). Confocal imaging was carried out 
using Olympus Fluoview Laser-scanning microscope. 
Quantitative Real-time PCR: 
In order to study the effect of knockdown of Kismet on mRNA levels of gluRIIA, 
gluRIIB and gluRIIC we used quantitative real-time PCR. We used synchronized 
populations of late third instar larvae. The tissues of interest were the larval body 
walls wherein the central nervous system and ventral nerve cord had been 
removed for the enrichment GluRs at the NMJ. Total RNA was extracted using 
 41 
Trizol as described in (Dickinson, 1980; Graze et al., 2009). The samples were 
treated with DNAse and further column purified using RNAeasy kit from Qiagen 
(#74104). The cDNA conversion kit from Invitrogen (# 4368814) was used. 
Appropriate controls such as no reverse transcriptase control, no template 
controls were maintained throughout. We carried out real-time PCR using 
Taqman probes for gluRIIA (Dm01814305_g1), gluRIIB (ID: Dm01814321_g1) 
and gluRIIC (ID:Dm01800395_g1). The act5c (Dm02361909_s1) was selected as 
the reference gene after evaluating several other reference genes. We used the 
“StepOnePlus” instrument from Applied Biosystems to carry out the real-time 
PCR. Negative controls (probe controls) were maintained for each assay. Three 
biological and three technical replicates were evaluated per sample. The mean 
relative fold change (RQ) values were calculated from “delta delta ct” values 
generated from the samples under study. 
Electrophysiology  
(Data provided by Dr. Faith Liebl). 
Age-matched larvae were used for electrophysiological studies to study synaptic 
function. Two-electrode voltage clamp recordings were obtained at room 
temperature from muscle 6 of segments A3 or A4. Third instar larval fillet 
dissections were performed on Sylgard-coated cover slips in Drosophila standard 
saline (135 mM NaCl, 5 mM KCl, 4 mM MgCl2, 1.8 mM CaCl2, 5 mM TES, 72 mM 
sucrose). Muscles were clamped at -60 mV using an Axoclamp 900A amplifier 
(Molecular Devices). Electrodes filled with 3M KCl that demonstrated resistances 
between 10-20 MΩ were used for intracellular recordings. A 1 Hz stimulus of 10 V 
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was delivered to segmental nerves using an electrode filled with bath saline 
connected to a Grass S88 stimulator and SIU5 isolation unit (Grass 
Technologies). Electrophysiological recordings were digitized with a Digidata  
1443 digitizer (Molecular Devices) and analyzed using PClamp software 
(v.10.4). 180 s of minis per larva were used for analysis. Quantal content was  
calculated by dividing the eEJC area (nA*ms) by the mEJC area (nA*ms).  
Behavioral Analysis 
Muscle contractions  
We used 50 wandering third instar larvae per group to analyze muscle 
contractions. An 8.5 cm diameter non-nutritive agar plate was used to provide the 
larvae with a crawling surface. The larvae were washed with phosphate solution 
to rid them off of food particles and placed on the agar surface for acclimatization. 
Manual observations for the number of complete peristaltic waves (contractions) 
were made for 30 sec per larvae. Three trials were performed for each larva. 
Statistical analyses were done using One-way ANOVA and Tukey or Games-
Howell post-hoc tests as appropriate.  
Total crawling distance 
We used 25 late third instar larvae per group for the analysis of total 
crawling distance. Larvae were washed with phosphate solution. They were then 
placed on agar plates for acclimatization. The crawling behavior of each larva was 
recorded using Sony DCR-SR47 Handycam with Carl Zeiss optics. The video 
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recording was processed using iMovies software (Apple Inc.) to convert the video 
file into frames for manual analysis using the Image J software from NIH. Frame-
by-frame analysis of crawling distance was performed manually for each larva. 
Three trials were performed on the analysis for every single larva. The numerical 
output generated was used to calculate total distance crawled by the larvae. We 
used one-way ANOVA and Tukey or Games-Howell post-hoc as appropriate for 
doing statistical analysis on the data. 
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Results 
Kismet is localized at the neuromuscular junction synapse and its function 
is not required for regulating total levels of pre and post-synaptic proteins 
tested.  
Previously published work from our lab had suggested a requirement of 
Kismet in the muscles and glutamatergic neurons in the central nervous system. 
(Melicharek et al., 2010b). Our microarray study also suggested a potential for 
regulation of glutamate receptor subunit genes by Kismet. These studies opened 
up the possibility of investigating the Drosophila NMJ.  
First, we analyzed the localization of Kismet at the NMJ using Kis-GFP 
Elavc155-Gal4 driven expression of a membrane localized RFP P{10XUAS-IVS-
mCD8::RFP}attP2, Bloomington Stock #32218). This allowed us to label all motor 
neurons with RFP. Pre-synaptically Kismet-GFP exhibited a nuclear localization 
pattern within motor neuron soma (visualized by RFP) in the ventral nerve cord 
(Figure 2-1A). Post-synaptically, Kismet also stained the nuclei of the muscle cells 
of the larval body wall (Figure 2-1B). We validated these results with the Kismet 
antibody and observed a similar localization pattern (Figures 2-2A and B). 
The nuclear localization pattern is consistent with the role of Kismet as a 
transcription factor in both the motor neurons and the muscles. Motor neurons 
from the ventral nerve cord innervate specific larval body wall muscles in a highly 
stereotypical manner, giving rise to a very well defined nerve-muscle contact 
system known as the NMJ. This suggests that Kismet may have a role in these 
two components that would in turn affect Kismet-mediated functions at the NMJ. 
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The muscle receives synaptic inputs from the motor neurons in order to perform 
the locomotion-associated behavior of contraction.  
Upon a ubiquitous knockdown of Kismet we found a significant increase in 
the number of boutons at the axon terminals of motor neurons that innervate 
muscle 6/7 (Figure 2-3). We saw a non-significant increase in branching at the 
NMJ synapse (Figure 2-4). This may be suggestive of formation of new synapses 
at this NMJ. A concomitant increase in the relative levels of associated pre-and 
post-synaptic marker proteins would be suggestive of a synaptic remodeling 
event. To investigate this possibility further, we quantified multiple standard 
synaptic protein markers.  
We first analyzed puncta counts for bruchpilot immunoreactivity. The nc-82 
antibody is a pre-synaptic marker that was used to identify Brp, which is a 
component of the active zones, or sites of high probability of neurotransmitter 
release. We found a non-significant increase in the pre-synaptic nc-82 (bruchpilot) 
immunoreactivity in ubiquitous knockdown animals when compared to that of 
controls (Figure 2.4). We also found no significant changes in the mean relative 
fluorescence intensities of cysteine strong protein (CSP), which is pre-synaptic 
cytoplasmic protein marker for vesicles (Figure 2.5A and Figure 2.5B) and in 
FasII, which is a perisynaptic cell adhesion marker protein. Similarly, no significant 
change in the level of post-synaptic density scaffolding protein marker discs large 
(Dlg) was detected (Figure 2.6). Taken together, these results suggest that Kismet 
does not affect levels of the synaptic marker proteins tested, but rather the 
increase in the number of boutons may be a defect due to inefficient pruning of 
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these extra boutons during development. This would be consistent with pruning 
defects seen in the γ-lobes of the mushroom body due to loss of function of the 
Kismet protein (Melicharek et al., 2010b). However, we cannot rule out the 
possibility of Kismet regulating effects of other pre-synaptic proteins, such as 
synaptotagmin, and its isoforms or other pre-synaptic proteins associated with 
neurotransmitter release. 
Kismet is required for regulation of glutamate receptor cluster size but not 
its mRNA or relative fluorescence levels. 
Ligand-gated glutamate receptors at the post-synaptic density respond to 
the glutamate released at the synaptic cleft to effect synaptic function. They 
cluster at the synapse opposite to active zones. The size of GluR clusters has a 
positive correlation to post-synaptic responsiveness. Thus, the measurement of 
GluR cluster sizes is a reliable measure for post-synaptic strength. When Kismet 
is knocked down ubiquitously, we saw a significant reduction in the size of 
GluRIIB clusters (Figure 2.7 A, B, C, and D). This finding was also validated using 
a second driver, actin:gal4 to mediate a ubiquitous knockdown of Kismet (Figure 
2.7E). Consistent with the decrease in GluRIIB, decreases in the cluster size for 
GluRIIA and GluRIIC were observed (Figure 2.8 and 2.9). However, the 
decreases in cluster size of GluRIIA and GluRIIC were not overall significant. It is 
to be noted that GluRIIC is the essential subunit of glutamate receptors and is 
expressed in both A and B-type complexes. Further, the mRNA levels and the 
mean relative florescence intensities of these receptors remained unaffected. This 
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suggested that Kismet specifically regulates glutamate receptor cluster size, but 
not the mRNA or protein levels (Figures 2-15 to 2-17 and 2-18 to 2-20).  
We also analyzed the total number of GluR clusters at the NMJ synapse. 
We found a significant increase in the number of GluRIIB clusters when Kismet 
was knocked down ubiquitously but no change in GluRIIA and GluRIIC cluster 
number (Chapter 5, Figures 5-5A to C). This data suggests that there may be 
many smaller clusters of GluRIIB. However, these clusters may not be part of 
functional glutamate receptors i.e not every GluRIIB may be associated with a 
GluRIIC cluster. This may be resolved by double labeling of GluRs with IIB and 
IIC antibody. 
Kismet may be required for proper synaptic function and associated 
behaviors 
In order to determine the effect of Kismet knockdown on synaptic function, 
two-electrode voltage clamp recordings were performed (Data provided by Dr. 
Faith Liebl). We detected a non-significant, 22% decrease in the eEJCAmplitude 
when compared to the closest background control (Figure 2-10). This is 
suggestive of both a pre-, and post-, synaptic change (reduced responsiveness 
due to reduction in GluR cluster size and or reduced glutamate release probability 
from the pre-synaptic motor neuron). Consistent with this, when these data were 
generated as changes in membrane potential (data provided Dr. Bing Zhang). The 
eEJP amplitude showed a significant reduction when compared to the wild type 
group control (approx. 66% decrease, data not shown).  
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In order to understand the underlying mechanisms of these changes, we 
analyzed spontaneous events. We detected a 25% reduction in the frequency of 
spontaneous events (when compared to the closest background control), or 
bursts, as a result of ubiquitous knockdown of Kismet (Figure 2-11). However, this 
reduction was not overall significant. A decrease in mEJC frequency may be 
indicative of a pre-, or post-, synaptic change (mechanisms of these changes are 
discussed in Chapter 4). Consistent with this decrease, the eEJP frequency 
resulted in a significant reduction when compared to wild type control (approx. 
67%, data not shown).  
Further, no effect on either mEJC amplitude or mEJP amplitude, which are 
parameters primarily indicating a post-synaptic defect (these data are not shown) 
was detected, suggesting no change in the responsiveness of post-synaptic 
glutamate receptors from a single vesicle fusion event.  
Quantal content is a pre-synaptic measure, which reflects the number of 
vesicles release per fusion events. We did not detect a change in quantal content 
using two-electrode voltage clamp (data not shown). However, we found a 
significant decrease (approx. 61%, data not shown) in quantal content derived 
from eEJP amp/mEJP amp data.  
Taken together, the two-electrode voltage clamp data from ubiquitous 
knockdown of Kismet indicated non-significant decreases in the parameters eEJC 
amplitude and mEJC Hz. These decreases may be suggestive of both pre-, and 
post-synaptic changes at the NMJ. However, the decrease in mEJC Hz may be 
indicative of a primary pre-synaptic change. 
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Locomotion Behaviors 
We assessed for defects in larval locomotion behavior as readout for synaptic 
function through two types of assays. In the contraction assays, we placed 
wandering third instar larvae on non-nutritive agar plates, and manually counted 
the number of entire peristaltic waves (muscle contractions) monitored over 30sec 
using a stereoscope. The second type of assay performed was an assay for 
crawling distance. Briefly, we determined the total distance crawled by wandering 
third instar larvae on agar plates monitored over 60 sec. We found significant 
decreases in the average number of muscle contractions (by approx. 47%, Figure 
2-12), and average crawling distance (by approx. 44%, Figure 2-13), in animals 
with ubiquitous knockdown of Kismet when compared to controls. 
In order to rule out non-specific effects on the experimental animals due to 
the mere activation of the RNAi pathway, we determined the effect of a non-
coding luciferase reagent, UAS:luciferase RNAi on these behaviors. We did not 
find a significant effect on the larval crawling and contraction behaviors using the 
luciferase RNAi reagent, especially in the direction that would explain the 
decrease in the behaviors tested in the Kismet knockdown larvae. 
In order to validate that the effects we observe were specific to the loss of 
Kismet, we carried rescue experiments, and determined a non-significant rescue 
effect on the larval muscle contraction and crawling distance behaviors using a 
construct that mediates genomic duplication of Kismet (Figures 2.14.1 and 
2.14.2). These data suggest that Kismet may affect development and function of 
the NMJ synapse and associated behaviors. 
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Discussion 
In this chapter we have used a ubiquitous knockdown approach to 
understand the role of Kismet in the development and function of the 
glutamatergic Drosophila neuromuscular junction synapse. We have shown that 
Kismet affects synaptic development of the Drosophila NMJ synapse. Our data 
indicates that when Kismet is knocked down ubiquitously, it leads to decreases in 
the cluster size of the post-synaptic glutamate receptors, synaptic function, and 
related behaviors.  
Proper communication at the NMJ synapse is dependent on both the pre-
synaptic motor neuron and the post-synaptic glutamate receptors. In part, this 
communication is dependent on the proper clustering of glutamate receptors at 
the post-synapse. Cluster sizes have previously been shown to have positive 
correlation to the post-synaptic response (Featherstone et al., 2002a). Through 
immunohistochemistry experiments in the third instar larvae, we found that 
clustering of GluRIIB was more susceptible to the ubiquitous knockdown of 
Kismet such that it led to smaller GluRIIB clusters. This significant reduction in 
GluRIIB was observed at a single NMJ synapse under study. Similar reduction in 
GluRIIB clusters across all synapses could lead to a profound biological impact on 
overall post-synaptic function. Additionally, we detected non-significant decreases 
in the cluster sizes of GluRIIA and GluRIIC. Taken together, these data suggest 
that there is a defect at the level of the post-synaptic glutamate receptor clusters 
and the reduced cluster sizes may in turn affect the efficacy of post-synaptic 
signaling in the third instar larval stage. 
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Two-electrode voltage clamp electrophysiology was performed in order to 
analyze synaptic function. Based on these data, we found decreases in eEJCAmp 
(approx. 22% when compared to the closest background control). The 
perturbation in the eEJCAmp parameter is reflective of both a pre-, and post-
synaptic change. At the level of pre-synapse, this reduction may be contributed by 
the approximate 25% decrease (when compared to the closest background 
control) in mEJCHz. From the post-synaptic side, the reduction in GluRIIB cluster 
sizes in the third instar may contribute to the decrease in eEJC. However, the 
decreases in eEJCAmp and mEJCHz were not statistically significant. Overall this 
suggests that the electrophysiology methods used may have not been sufficiently 
sensitive to demonstrate a significant functional deficit.  
 Synaptic inputs from the pre-synaptic motor neuron and response 
from post-synaptic GluRs would affect the response recorded from the muscle 
such that the integration of these pre-synaptic signals and appropriate measures 
of post-synaptic responsiveness would lead to generation of enough force on the 
muscle cell causing it to contract. As a measure of overall synaptic function, we 
analyzed two types of behaviors, muscle contraction and larval crawling distance. 
Muscle contraction is a behavioral assay that is more specific for the locomotion 
than the assay for crawling distance. Muscle contractions form the underlying 
behavior that enables crawling during third instar larval stage for activities, such 
as, foraging for food. We found a significant reduction in both the number of 
muscle contractions and average crawling distance of larvae with ubiquitous 
knockdown of Kismet. These behavioral data suggest that the significant 
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reduction in the average crawling distance observed may be explained, at least, in 
part by a significant reduction in the number of muscle contractions/30sec. We 
also suggest that there may be some overlap in the molecular mechanisms 
underlying these types of behaviors.  
Overall, the approach of mediating the ubiquitous knockdown of Kismet 
has been broad wherein the strength and tissue-specificity of Kismet knockdown 
has been dependent on that of the da:gal4 driver. However, the pattern of Kismet 
and daughterless localization overlap to a large extent. Thus, the ubiquitous 
knockdown of Kismet would lead to its reduction in all pre and post-synaptic 
components of the central nervous system including the ventral nerve cord and 
reduction in the larval body wall muscles. However, the strength of Kismet 
knockdown at the NMJ is unknown. 
As mentioned previously, both pre and post-synaptic components are 
required to maintain proper synaptic function. However, our 
immunohistochemistry and behavioral data have been largely consistent with 
each other wherein defects in post-synaptic clustering have in part, affected 
associated behaviors. However, our electrophysiology data from ubiquitous 
knockdown animals do not appear to be consistent with that of the 
immunohistochemistry and behavioral data. Based on the premise that these 
behavioral defects arise from a defect in anterograde signaling (pre to post-
synaptic signaling), it may be possible that the non-significant decreases (data 
trend) in eEJCAmp and mEJCHz have been sufficient to contribute to the 
reduction in the associated behaviors.  
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Alternately, the defect in eEJCAmp may be developmental stage and time-
dependent wherein the defects in GluR cluster size and or pre-synaptic release 
probability may be exacerbated in due course of development. This model has 
been illustrated in Figure 2.21 and it would be consistent with the findings in which 
we see late pupal lethality in the animals with ubiquitous knockdown of Kismet. 
Moreover, the electrophysiological recordings for muscle were carried out either 
from a segment A3 or A4 that does not entirely represent the synapse under 
study. Thus, it will be necessary to use a more specific approach i.e. mediate a 
tissue-specific (pre vs. post-synapse) knockdown of Kismet. The tissue-specific 
studies are discussed in the following chapter. 
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Figure Legends 
Figure 2-1. Kismet Localizes to the pre and post-synapse (using Kis-GFP). 
(A) Confocal images of Kis-GFP expression in midline of third instar larval ventral 
nerve cord expressing RFP in motor neurons using the motor neuron specific 
D42-Gal4 driver. Motor neurons are labeled in red (RFP driven by ELAV), nuclei 
in blue (DAPI), and Kis in green (Kis-GFP). Note presence of Kis-GFP in motor 
neuron nuclei. Right panels show individual channels. (B) Confocal images of Kis-
GFP expression in multi-nucleated muscle cells of muscles 6 and 7 in third instar 
larval NMJs. Muscles are labeled with phalloidin (PHL, red), muscle nuclei in blue 
(DAPI), and Kis in green (Kis-GFP). Note presence of Kis-GFP in muscle nuclei. 
Right panels show individual channels. Scale bars = 10 µm in (A) and 50 µm in 
(B). 
 
Figure 2-2. Validation of Kis-GFP localization pattern with Kismet antibody 
(A) Confocal images of third instar larval ventral nerve cord immunolabled with α-
Kis-L (red), DAPI (blue), and UAS n-syb-GFP driven by Elav-Gal4 (green). Right 
panel shows high magnification of three motor neuron nuclei. (B) Confocal images 
of third instar larval NMJs, muscles 6 and 7, immunolabled with α-Kis-L (red), α-
Phalloidin (green) and DAPI (blue). Right panel shows high magnification of two 
muscle nuclei. Scale bar = 10 µm (left panels) and 5 µm (right panels). 
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Figure 2-3. Ubiquitous knockdown of Kismet leads to significant increase in 
bouton number (pre-synaptic parameter) but not the number of axonal 
branches.  
The outcrossed control genotypes are +;UAS:204/+;+ and +;+;da:gal4/+ and the 
experimental genotype was +;UAS:204/+;da:gal4/+. Third instar larval body walls 
were dissected and stained with HRP to visualize the NMJ morphology. Confocal 
imaging was carried out. Solid white arrow indicates one bouton (A-B) shows 
boutons at the axon terminal of the NMJ 6/7. (A-B) +;UAS:204/+;+ and 
+;+;da:gal4/+ are outcrossed control image NMJs stained with HRP and the 
image is representative of baseline boutons. (C) +;UAS:204/+;da:gal4/+ NMJ with 
ubiquitous knockdown of Kismet indicates an increase in the number of boutons 
when compared to controls. (D) Quantification of mean bouton number (E) 
Quantification of mean axonal branches (Red arrow points to one branch). Error 
bars are SEM. *p<0.05, **p<0.01 and ***p<0.001 
Figure 2-4. Ubiquitous knockdown of Kismet leads to an increase in number 
of pre-synaptic nc82 puncta, which mark the release sites. 
The outcrossed control genotypes are +;UAS:204/+;+ and +;+;da:gal4/+ and the 
experimental genotype was +;UAS:204/+;da:gal4/+. (A-B) Third instar larval body 
walls were dissected and stained with antibody to nc82 (Bruchpilot) signal in red. 
(C) +;UAS:204/+;da:gal4/+ NMJ with ubiquitous knockdown of Kismet indicates 
an overall non-significant increase in the average number of nc82 puncta when 
compared to controls. (D) Quantification from the completed data set. Error bars 
are SEM.  
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Figure 2-5A. Ubiquitous knockdown of Kismet does not affect pre-synaptic 
CSP fluorescence intensity. 
The outcrossed control genotypes are +;UAS:204/+;+ and +;+;da:gal4/+ and the 
experimental genotype was +;UAS:204/+;da:gal4/+. (A-B) Third instar larval body 
walls were dissected and stained with antibody to cysteine string protein (CSP 
signal in red and HRP in green). (C) +;UAS:204/+;da:gal4/+ NMJ with ubiquitous 
knockdown of Kismet suggests no significant effect on CSP relative fluorescence 
intensity when compared to controls. (D) Quantification from the completed data 
set. Error bars are SEM.  
 
Figure 2-5B. Ubiquitous knockdown of Kismet does not affect FasII 
fluorescence intensity. 
The outcrossed control genotypes are +;UAS:204/+;+ and +;+;da:gal4/+ and the 
experimental genotype was +;UAS:204/+;da:gal4/+. (A-B) Third instar larval body 
walls were dissected and stained with antibody to Fascillin II (FasII signal in red 
and HRP in green). (C) +;UAS:204/+;da:gal4/+ NMJ with ubiquitous knockdown of 
Kismet suggests no significant effect on FasII relative fluorescence intensity when 
compared to controls. (D) Quantification from the completed data set. Error bars 
are SEM. NS indicates non-significant.  
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Figure 2-6. Ubiquitous knockdown of Kismet does not affect post-synaptic 
Dlg fluorescence intensity. 
The outcrossed control genotypes are +;UAS:204/+;+ and +;+;da:gal4/+ and the 
experimental genotype was +;UAS:204/+;da:gal4/+. (A-B) Third instar larval body 
walls were dissected and stained with antibody to post synaptic density marker 
protein-discs large (DLG) signal in red and HRP in green. (C) 
+;UAS:204/+;da:gal4/+ NMJ with ubiquitous knockdown of Kismet suggests no 
significant effect on DLG relative fluorescence intensity when compared to 
controls. (D) Quantification from the completed data set. Error bars are SEM.  
 
Figure 2-7. Ubiquitous knockdown of Kismet leads to a significant reduction 
in Glutamate receptor IIB cluster size. 
The outcrossed control genotypes are +;UAS:204/+;+ and +;+;da:gal4/+ and the 
experimental genotype was +;UAS:204/+;da:gal4/+. (A-B) Third instar larval body 
walls were dissected and stained with antibody to post synaptic glutamate 
receptor IIB (signal in red) and HRP in green. Cluster sizes are in um2 (C) 
+;UAS:204/+;da:gal4/+ NMJ with ubiquitous knockdown of Kismet suggests a 
significant reduction in GluRIIB cluster size when compared to controls. (D) 
GluRIIB cluster size reduction in experimentals confirmed using actin-gal4 driver 
(E) Quantification from the completed data set. Error bars are SEM. Error bars are 
SEM. *p<0.05, **p<0.01 and ***p<0.001. 
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Figure 2-8. Ubiquitous knockdown of Kismet leads to a reduction in 
Glutamate receptor IIA cluster size. 
The outcrossed control genotypes are +;UAS:204/+;+ and +;+;da:gal4/+ and the 
experimental genotype was +;UAS:204/+;da:gal4/+. (A-B) Third instar larval body 
walls were dissected and stained with antibody to post synaptic glutamate 
receptor IIA (signal in red) and HRP in green. Cluster sizes are in um2 (C) 
+;UAS:204/+;da:gal4/+ NMJ with ubiquitous knockdown of Kismet shows a overall 
non-significant reduction in GluRIIA cluster size when compared to controls. (D) 
Quantification from the completed data set. Error bars are SEM.  
 
Figure 2-9. Ubiquitous knockdown of Kismet leads to a reduction in 
Glutamate receptor IIC cluster size. 
The outcrossed control genotypes are +;UAS:204/+;+ and +;+;da:gal4/+ and the 
experimental genotype was +;UAS:204/+;da:gal4/+. (A-B) Third instar larval body 
walls were dissected and stained with antibody to post synaptic glutamate 
receptor IIC (signal in red) and HRP in green. Cluster sizes are in um2 for 
outcrossed controls (C) +;UAS:204/+;da:gal4/+ NMJ with ubiquitous knockdown 
of Kismet suggests an overall non-significant reduction in GluRIIC cluster size 
when compared to controls. (D) Quantification from the completed data set. Error 
bars are SEM. 
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Figure 2-10. Ubiquitous knockdown of Kismet leads to a reduction in EJC 
amplitude. 
The outcrossed control genotypes are +;UAS:204/+;+ and +;+;da:gal4/+ and the 
experimental genotype was +;UAS:204/+;da:gal4/+. (A-B) Two-electrode voltage 
clamp recording of eEJCAmplitude for outcrosses (C) +;UAS:204/+;da:gal4/+ with 
ubiquitous knockdown of Kismet indicates an overall non-significant reduction of 
eEJCAmp when compared to controls. (D) Quantification from the completed data 
set. Error bars are SEM.  
Figure 2-11. Ubiquitous knockdown of Kismet leads to a reduction in mEJC 
frequency (Hz). 
The outcrossed control genotypes are +;UAS:204/+;+ and +;+;da:gal4/+ and the 
experimental genotype was +;UAS:204/+;da:gal4/+. (A-B) Two-electrode voltage 
clamp recording of mEJC frequency for outcrosses (C) +;UAS:204/+;da:gal4/+ 
with ubiquitous knockdown of Kismet indicates an overall non-significant reduction 
of mEJC frequency when compared to controls. (D) Quantification from the 
completed data set. Error bars are SEM.  
 
Figure 2-12. Ubiquitous knockdown of Kismet leads to a significant 
reduction in average muscle contractions/30sec in third instar larvae. 
The outcrossed control genotypes are +;UAS:204/+;+ and +;+;da:gal4/+ and the 
experimental genotype was +;UAS:204/+;da:gal4/+. (A-B) Average no. of muscle 
contractions/30sec in outcrosses (C) +;UAS:204/+;da:gal4/+ with ubiquitous 
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knockdown of Kismet indicates a significant reduction of muscle contractions 
when compared to controls. (D) Quantification from the completed data set. Error 
bars are SEM. *p<0.05, **p<0.01 and ***p<0.001. 
 
Figure 2-13. Ubiquitous knockdown of Kismet leads to a significant 
reduction in the average crawling distance in third instar larvae. 
The outcrossed control genotypes are +;UAS:204/+;+ and +;+;da:gal4/+ and the 
experimental genotype was +;UAS:204/+;da:gal4/+ (A-B) Average no. of muscle 
contractions/30sec in outcrosses (C) +;UAS:204/+;da:gal4/+ with ubiquitous 
knockdown of Kismet suggests a significant reduction in the average crawling 
distance when compared to controls. (D) Quantification from the completed data 
set. Error bars are SEM. *p<0.05, **p<0.01 and ***p<0.001. 
 
Figure 2-14.1 and 2-14.2. Genomic duplication Kismet leads to an 
improvement of number of muscle contractions and crawling distance in 
third instar larvae when compared to Kismet knockdown animals. 
The outcrossed control genotypes are +;UAS:204/+;+ and +;+;da:gal4/+ and Y 
(+); 204 x w. The experimental genotypes were +;UAS:204/+;da:gal4/ and 
X/Ykis+Bar ; UAS:204 RNAi/+; da:gal4/+ (rescue genotype) (A-B) Average no. of 
muscle contractions/30sec or crawling distance in outcrosses of respective graphs 
(C) genomic duplication of Kismet in a ubiquitous knockdown background of 
Kismet suggests a non-significant increase (improvement) in number of muscle 
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contractions or crawling when compared to controls in respective graphs. (D) 
Quantification from the completed data set. Error bars are SEM.  
 
 
Supplementary Figures 
Figure 2-15: Ubiquitous knockdown of Kismet does not alter mRNA levels of 
glutamate receptors in third instar larvae. 
The 3 graphs (2-15, 2-16, 2-17) represent mRNA levels for gluIIRA, gluIIRB and 
gluIIRC respectively. The outcrossed controls in case are +;UAS:204/+;+ and 
+;+;da:gal4/+ and the experimental genotype was +;UAS:204/+;da:gal4/+ (A-B) 
mRNA levels in outcrosses (C) +;UAS:204/+;da:gal4/+ with ubiquitous knockdown 
of Kismet and its gluR mRNA level. (D) Quantification from the completed data 
set. Error bars are SEM. NS is non significant.  
 
Figure 2-18: Ubiquitous knockdown of Kismet does not significantly alter 
fluorescence levels of glutamate receptors in third instar larvae. 
The 3 graphs (2-18, 2-19, 2-20) represent relative fluorescence intensity levels for 
gluRIIA, gluRIIB and gluRIIC respectively. The outcrossed controls in case are 
+;UAS:204/+;+ and +;+;da:gal4/+ and the experimental genotype was 
+;UAS:204/+;da:gal4/+ (A-B) relative fluorescence levels of the glutamate 
receptor in outcrosses (C) +;UAS:204/+;da:gal4/+ with ubiquitous knockdown of 
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Kismet and its glutamate receptor fluorescence level. (D) Quantification from the 
completed data set. Error bars are SEM. NS is non significant.  
 
Figure 2-21: Defect in evoked EJC may be developmental stage and time 
dependent. 
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Table 1: Top hits from the microarray 
Genes involved in pre-synaptic glutamate signaling that were misregulated 
as a result of loss of Kismet function in whole pre-pupae. 
 
 
     
Drosophila Gene Name Microarray 
Expression 
Function 
• Glutamate 
Receptors 
                   -IIB 
                   -IIC 
• Black  
• Sluggish 
• Glutamine 
Synthetase 2 
• Glutamate 
oxaloacetate 
transaminase    
• CG8745  
• SNAP25 
 
 
--- 
- 
+++ 
+ 
+ 
 
+ 
 
 
+++ 
- 
Fast excitatory synaptic 
transmission 
Glutamate signaling 
Glutamate signaling 
Catalyzes Glutamate to GABA  
Catalyzes proline to glutamate  
Catalyzes Glutamate to 
glutamine  
Catalyzes aspartate to 
glutamate 
 
Catalyzes arginine to glutamate 
Pre-synaptic vesicle fusion and 
exocytosis 
Source: Unpublished Marenda Lab data 
Key: 
+/- = 2 to 4 fold increase/decrease 
++/-- = 4 to 6 fold increase/decrease 
+++/---  = greater than 6-fold increase or decrease 
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Figures  
Figure 2-1: Localization of Kismet using Kis-GFP 
2-1A: Kismet Localization in the motor neurons 
 
 
2-1B: Kismet localization in the larval body wall muscles 
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Figure 2-2: Validation of Kis-GFP localization with Kismet antibody 
2-2 A: Kismet localization in the ventral nerve cord. 
 
 
Figure 2-2 B: Kismet localization in the larval body wall muscles. 
 
  
 66 
Figure 2-3: Kismet alters NMJ morphology 
Ubiquitous knockdown of Kismet increases bouton but not branch number 
2-3 A,B,C: Significant increase in bouton number and  
2-3 D: No significant increase in axonal branch number. 
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Figure 2-4: Kismet does not alter the number of release sites 
Ubiquitous knockdown of Kismet does not significantly increase pre-
synaptic release sites marked by nc82. 
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Figure 2-5A. Kismet does not affect relative levels of CSP 
Ubiquitous knockdown of Kismet does not affect pre-synaptic CSP relative 
fluorescence intensity. 
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Figure 2-5B. Kismet does not affect relative levels of FasII 
Ubiquitous knockdown of Kismet does not affect FasII relative fluorescence 
intensity. 
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Figure 2-6. Kismet does not affect relative levels of Dlg 
Ubiquitous knockdown of Kismet does not affect post-synaptic Dlg relative 
fluorescence intensity. 
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Figure 2-7. Kismet positively regulates GluRIIB cluster size 
Ubiquitous knockdown of Kismet leads to a significant reduction in 
Glutamate receptor IIB cluster size. 
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Figure 2-8. Decrease in Kismet leads to a reduction of GluRIIA cluster size 
Ubiquitous knockdown of Kismet leads to a non-significant reduction in 
Glutamate receptor IIA cluster size. 
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Figure 2-9. Decrease in Kismet leads to a reduction of GluRIIC cluster size 
Ubiquitous knockdown of Kismet leads to a non-significant reduction in 
Glutamate receptor IIC cluster size. 
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Figure 2-10. Decrease in Kismet leads to a reduction of eEJC amplitude 
Ubiquitous knockdown of Kismet leads to a non-significant reduction of 
eEJCAmplitude. 
 
 
  
0 
20 
40 
60 
80 
100 
120 
140 
160 
180 
UAS:204/+ da:gal4/+ UAS:204/+,da:gal4/+ 
eE
JC
 A
m
pl
itu
de
 (n
A
) 
eEJC Amplitude in larvae with ubiquitous knockdown of 
Kismet 
 75 
Figure 2-11. Decrease in Kismet leads to a decrease in mEJC Frequency 
Ubiquitous knockdown of Kismet leads to a non-significant reduction of 
mEJC frequency (Hz). 
 
 
  
0 
1 
2 
3 
4 
5 
6 
UAS:204/+ da:gal4/+ UAS:204/+,da:gal4/+ 
m
EJ
C
 F
re
qu
rn
cy
 (H
z)
 
miniEJC Frequency in larvae with ubiquitous 
knockdown of Kismet 
!!!!!***!
 76 
Figures 2-12 to 2-13: Kismet positively regulates motor coordination 
behaviors 
2-12: Ubiquitous knockdown of Kismet leads to a significant reduction in 
average muscle contractions/30sec in third instar larvae.  
2-13. Ubiquitous knockdown of Kismet leads to a significant reduction in the 
number of muscle contractions in third instar larvae. 
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Figure 2-14: Genomic duplication of Kismet does significantly rescue 
behavioral defects. 
Figure 2-14.1. Genomic duplication of Kismet does not significantly rescue 
deficits in muscle contractions.  
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Figure 2-14.2. Decrease in Kismet does not significantly rescue defects in 
crawling distance 
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Figures 2-15 to 2-17: Kismet does not alter mRNA levels of gluRs. 
Ubiquitous knockdown of Kismet does not affect mRNA levels of glutamate 
receptors in third instar larvae. 
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Figures 2-18 to 2-20: Kismet does not alter fluorescence levels of GluRs 
Ubiquitous knockdown of Kismet does not significantly affect fluorescence 
levels of glutamate receptors in third instar larvae. 
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Figure 2-21: Defect in evoked EJC may be developmental stage and time 
dependent. 
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Abstract 
Our work thus far has shown that when Kismet is knocked down 
ubiquitously using RNAi, it leads to a reduction in the size of post-synaptic 
glutamate receptor clusters at the NMJ synapse. It also leads to a trend in the 
reduction of spontaneous release and evoked response. The overall synaptic 
function when assessed through crawling distance, and muscle contractions, in 
these larvae are also impaired. Through tissue-specific knockdown of Kismet, we 
show that Kismet is primarily required in the pre-synapse to regulate spontaneous 
release events, glutamate receptor cluster size and behaviors. Overall we suggest 
that Kismet is required in both the pre- and post-synaptic components of the NMJ 
to regulate proper synaptic function. 
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Introduction 
Our work thus far has shown that when Kismet is knocked down 
ubiquitously using RNAi, it leads to a reduction in the size of post-synaptic 
glutamate receptor clusters at the NMJ synapses. It also led to a trend in the 
reduction of eEJCAmplitude and mEJCHz. Overall synaptic function and 
coordinated muscle movement, as assessed through crawling distance and 
muscle contractions, in these larvae were also impaired. In this chapter we will 
focus on identifying the tissue-specificity of these defects.  
Extensive work is being carried out in the identification of proteins involved 
in GluR clustering at the Drosophila NMJ. Thus, we are beginning to gain an 
understanding of the specific pre- and post-synaptic, proteins involved in the 
regulation of synaptic accumulation of GluRs, and regulation of field size. Broadly, 
some of these proteins are cell adhesion molecules, cytoskeletal, and scaffolding 
proteins. Here we show for the first time that an epigenetic transcription factor 
called Kismet is involved in the clustering of GluRs, synaptic function, and 
associated behaviors.  
Kismet localizes within nuclei of motor neurons as well as the 
multinucleated muscle cells. Consistent with the localization pattern of Kismet, we 
suggest that there is a primary requirement of Kismet in pre-synapse for 
maintenance of spontaneous release, post-synaptic GluR cluster size, and to 
maintain the overall synaptic function as assessed through locomotive behaviors. 
The pre-synaptic requirement for Kismet function would call for further 
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investigation of specific processes underlying pre-synaptic mechanisms of 
neurotransmitter release.  
Background to synapse function and electrophysiology: 
Alterations in pre or post-synaptic integrity of the Drosophila neuromuscular 
junction synapse could potentially translate into overall synaptic dysfunction and 
defects in synaptic function and behavioral readout.  
In the vertebrate central synapses and in Drosophila, glutamate is the 
primary neurotransmitter for all excitatory postsynaptic potentials (EPSPs). 
Drosophila NMJ synapses are glutamatergic in nature wherein L-glutamate is the 
excitatory neurotransmitter. Glutamate is released into the synaptic cleft by two 
mechanisms: the release may be a result of spontaneous fusion of vesicles, or 
due to evoked/stimulus-dependent release. In spontaneous fusion, few synaptic 
vesicles fuse to the pre-synaptic membrane followed by release of the 
neurotransmitter. Thus, minis result from spontaneous vesicular exocytosis from 
the pre-synaptic terminal (Saitoe et al., 2001). In evoked release, the action 
potential at or above the threshold potential, travelling down the axon leads to 
fusion of a large number of vesicles and release of glutamate into the synaptic 
cleft.  
In 1954, Paul Fatt and Bernard Katz found that even in the absence of any 
pre-synaptic stimulation, neurotransmitter was released at random intervals 
leading to small depolarizing events or spontaneous miniature end plate potentials 
(MEPP). Furthermore, Del Castillo and Katz showed that the mean amplitude of 
MEPP represented the response generated due to the release of a single 
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“quantum” of neurotransmitter. Thus, one quantum represents the fixed amount of 
neurotransmitter released from the fusion of a single synaptic vesicle that 
produces the smallest discernable (unit of) signal. On the other hand, the 
response to an evoked EPP occurred in a graded fashion, wherein the 
neurotransmitter molecules are released in discrete quanta. The individual 
responses to the quantal release of neurotransmitter under evoked conditions 
may be represented as integral multiples of the mean amplitude of the MEPP.  
Neurotransmitter release as a result of spontaneous fusion events had for 
long been considered as mere leakage from the pre-synaptic neuron (Verstreken 
and Bellen, 2002). Resting, or low extracellular levels of calcium in the pre-
synaptic terminals contribute to the release of glutamate from the Drosophila 
neuromuscular junction in the absence of a stimulus. The significance of this 
“leakage” was unknown. It has been suggested that the increase in frequency of 
these spontaneous events (mEJC Hz) may signify formation of new synapses.  
Here we show how Kismet regulates mini frequencies, and discuss the 
implications of this to the system under study. 
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Experimental Procedures 
Drosophila Stocks: The work done for tissue-specific knockdown of Kismet by 
RNAi was accomplished using the following stocks, which are publically from the 
Vienna Drosophila Research Center (VDRC) or the Bloomington (BL) stock 
center.  
1. w118         (Bloomington Stock Center) 
2. w[*]; P{w[+mW.hs]=GawB}D42-Gal4        (BL#8816) Motor-neuron specific 
3. UAS:Dicer 2;+;ELAV-Gal4/TM6C, Sb, Tb          pan-neuronal knockdown  
 (gift from Dr. Faith Liebl).  
4. UAS:dcr2/UAS:dcr2; +; 24B-Gal4/Tm6B,Tb   muscle-specific knockdown 
           (gift from Dr. Faith Liebl 
5. +; 24B:gal4;+                                                  muscle-specific knockdown 
6. +;UAS:204/UAS:204;+                                    (VDRC #10762) 
The stocks and crosses were maintained in 25°C incubator on standard cornmeal, 
molasses and agar medium. 
Immunohistochemistry and antibodies for tissue-specific NMJ analysis: 
Wandering third instar larvae were used for dissections. The dissections were 
carried out on a sylgard-coated petri dish. HL3 (Ringer’s saline) and Bouin’s 
solution were used for dissection and fixation of tissues for glutamate receptor 
immunohistochemistry. The following antibodies were used to label the pre and 
postsynaptic components of the NMJ. Post-synaptic proteins: GluRIIB (1:20), 
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GluRIIC (1:50) antibodies were kind gifts from Dr. Aaron Di Antonnio’s lab 
(Washington University in St. Louis). GluRIIA [8B4D2 (MHB2] at 1:100].  
Fitc conjugated Goat anti-HRP (cat# 123-095-021) was obtained from Jackson 
Immunoresearch. Mounting medium used was Vectashield (Vector Laboratories, 
H-1000). Confocal imaging was carried out using Olympus Fluoview Laser-
scanning microscope. 
Behavioral Analysis 
Muscle contractions and Total crawling distance behaviors were performed using 
the GAL4-UAS system to mediate with tissue-specific knockdown of Kismet using 
appropriate drivers. These techniques are described in the previous chapter. 
Electrophysiology data  
(Provided by Dr. Faith Liebl) 
Two-electrode voltage clamp was used to record miniature end plate potentials 
(MEPP) and (evoked) end plate potentials (EPP) from muscle 6 of segment A3 or 
A (Verstreken and Bellen, 2002). See method description in chapter 2. 
Statistical Analysis  
We carried out ONE-way ANOVA with Tukey post-hoc analysis. 
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Results 
Tissue-specific knockdown of Kismet does not affect bouton or branching 
at the NMJ 
In-line with previous work from our lab we employed the GAL4:UAS system 
to mediate ubiquitous knockdown of Kismet knockdown in order to explain the role 
of Kismet in Drosophila development (Andrea H. Brand, 1993a). Our approach 
thus far has been to identify defects in the fly nervous system in a broad manner. 
In previous chapter we reported a significant increase in the mean bouton number 
when Kismet was knocked down ubiquitously. However, we did not observe this 
effect upon a pre (Figure 3-1) or post-synaptic (Figure 3-2) knockdown of Kismet. 
Consistent with this, our results indicate that Kismet did not affect axonal 
branching of the synapse when knocked down either pre or post-synaptically 
(Figures 3-3 and 3-4). Taken together, the NMJ morphology data are suggestive 
of a requirement of Kismet function in both pre and post-synapse.  
Tissue-specific knockdown of Kismet does not significantly regulate 
glutamate receptor cluster size. 
In the previous chapter, we reported a significant reduction in GluRIIB 
cluster using two independent drivers to knockdown Kismet ubiquitously. In order 
to identify the tissue-specificity of this defect, we knocked down Kismet pan-
neuronally and post-synaptically. Our data indicates that there were small non-
significant reductions in GluRIIB when Kismet was knocked down in a tissue-
specific manner  (Figures 3-5 and 3-6). Similarly, we did not observe a significant 
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effect on mean relative fluorescence intensities of GluRIIB pre or post-synaptically 
(Figures 3-7 and 3-8).  
The tissue-specific knockdown of Kismet also did not lead to a significant 
effect in the GluRIIC cluster size either pre or post-synaptically (Figures 3-15 and 
3-16). Similarly, there was no significant effect on GluRIIA cluster size in either 
types of knockdowns (data not shown).  
Taken together the cluster size data (from chapters 2 and 3) suggests that 
the clustering of GluRIIB is more susceptible to the ubiquitous knockdown of 
Kismet whereas both the pre and post-synaptic knockdowns led to small non-
significant decreases in GluR cluster size. Consistent with the NMJ bouton and 
branching data from tissue-specific knockdown of Kismet, the GluR cluster size 
data also suggests that there may be a simultaneous pre and post-synaptic 
requirement for Kismet to regulate cluster size of GluRs.  
Pre-synaptic, but not post-synaptic, knockdown of Kismet results in 
decreased miniature frequency 
We found a significant and 50% reduction in the frequency of bursts (mEJC 
Hz) when is knocked down pre-synaptically (Figure 3-9). However, we did not see 
this effect upon a post-synaptic reduction of Kismet function. This data is 
indicative of a defect in release probability of glutamate from the pre-synaptic 
terminal. Essentially, a defect at the level of mini frequency may be pre-, or post-
synaptic. Mini frequency tests for reduction in release probability in addition to the 
ability of the muscle to detect the miniature inputs and respond with small bursts. 
However, we reasoned that a knockdown of Kismet in the pre-synapse might 
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have an effect on all pre-synaptic processes including vesicular release. 
Furthermore, a post-synaptic knockdown of Kismet did not result in a similar 
decrease in mini frequency (Figure 3-10). Hence, we conclude that the pre-
synaptic knockdown of Kismet may lead to defects in underlying mechanisms of 
pre-synaptic signaling such as vesicle fusion and exocytosis to alter 
neurotransmitter release probabilities, and/or endocytosis that may affect vesicle 
recycling. However, these signaling processes will need to be tested in a specific 
manner. 
Pre-synaptic but not post-synaptic mechanisms regulate locomotion 
behaviors in Drosophila third instar larvae 
Our data identified a pre-synaptic requirement for Kismet for early 
locomotive behaviors. We found a significant reduction in the average crawling 
distance when Kismet was knocked down pre-synaptically (Figure 3-11) rather 
than post-synaptically (Figure 3-12). This suggests that there is a pre-synaptic 
basis to the reduction in the crawling distance observed when Kismet was 
knocked down ubiquitously. 
Consistent with the above data, knockdown of Kismet in all neurons 
including the motor neurons, led a significant reduction in the average number of 
muscle contractions (Figure 3-13); while the muscle-specific knockdown did not 
lead to a significant effect (Figure 3-14). Taken together, these data suggest that 
the decrease in coordinated muscle movement in the third instar larval stage has 
primary pre-synaptic basis. The reduction in GluR cluster size is a secondary 
effect, which may lead to the inability of the muscle to contract normally. Together 
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with underlying pre- and post-synaptic defects there is reduction in the total 
distance travelled and overall synaptic dysfunction.  
Discussion 
A pan-neuronal knockdown of Kismet would lead to a reduction of Kismet 
in all neurons including motor neurons. This would directly impact all pre-synaptic 
processes mediated by Kismet including vesicular release. When Kismet was 
knocked down pan-neuronally, we found a significant and 50% reduction in the 
number of bursts during spontaneous vesicle release. This suggests that the 
direct impact of reduced bursting is a reduction in the baseline property of release 
This defect may be indicative of reduced number of inputs received by the pre-
synaptic neuron from upstream signals such as those within the higher order 
structure in the Drosophila CNS associated with locomotion known as the central 
complex or within the interneurons in the CNS.. The type of electrophysiology 
employed for these studies was not specific to any underlying mechanism that 
governs pre-synaptic release probability. However, it suggests that the decrease 
in pre-synaptic release may arise from reduced number of docked vesicles at the 
pre-synaptic nerve terminal. Alternately, it may be reflective of defective 
neurotransmitter release (exocytosis) or the endocytic recycling of vesicles. 
Consistent with the defective exocytosis hypothesis, we observed a significant 
reduction in SNAP-25 transcript from our microarray. SNAP-25 is part of the 
vesicle fusion and neurotransmitter release machinery known as the SNARE 
complex.  
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As discussed in the previous chapter a reduction in mEJC Hz may have a 
pre or post-synaptic basis. We can argue against the pre-synaptic nature of this 
defect and attribute to defective signaling at the level of post-synaptic muscle 
receptors. However, on comparing figures 2.11 and 3.9 we see that 100% of the 
defect in miniEJCHz upon ubiquitous knockdown of Kismet is captured by its pan-
neuronal knockdown. Additionally, a post-synaptic reduction in mEJC Hz would 
have exacerbated the decrease in mEJCHz when Kismet is knocked down 
ubiquitously, which is not the case here  
Given that GluRIIB cluster size was significantly reduced only upon a 
ubiquitous knockdown of Kismet (chapter 2) surprisingly, we only found a small 
non-significant reduction in GluRIIB cluster size in a tissue-specific manner. Our 
data suggests that there may be a simultaneous requirement for Kismet both pre 
and post-synaptically to regulate GluR cluster size. This is also consistent with the 
NMJ morphology data wherein the significant increase in bouton number was 
observed only in case of the ubiquitous knockdown but not when Kismet is 
reduced in a tissue-specific manner.  
Behaviors are a result of complex inter-play between components of 
underlying neuronal circuitry We performed behavioral assays when Kismet was 
knocked down in a tissue-specific manner to understand the overall impact of 
kismet reduction on synaptic function We were able to identify that the behavioral 
defects in crawling and contraction are due to a requirement of Kismet function in 
the pre-synapse. The muscle contraction is a more direct measurement of 
behavior specific to the component under study, i.e., the muscle. Only upon a 
 94 
pan-neuronal knockdown of Kismet did we observe defects in the number of 
muscle contractions. This is suggestive of a pre-synaptic basis in the regulation of 
post-synaptic behavior.  
Taken together the tissue-specific knockdown data suggests that the Pan-
neuronal knockdown of Kismet impairs the instructive signaling from the pre-
synapse. There is consistency between the defective pre-synaptic signaling as 
determined by electrophysiology and defect in overall pre-synaptic function as 
determined by the two behavioral assays. We found only non-significant reduction 
in GluRIIB cluster sizes upon a tissue-specific knockdown of Kismet. Thus, our 
data may be suggestive of both pre and post-synaptic requirement for Kismet to 
regulate GluR cluster size and it is not very likely that pre-synaptic signaling 
(anterograde) directly influences post-synaptic GluR cluster size. However, in 
Chapter 4 we will discuss a possible link between GluR clustering and 
spontaneous release.  
CHARGE patients exhibit hypotonia, or low muscle tone. Low muscle tone 
is the delayed ability of the muscle to contract in response to action potentials 
from the muscles. Thus, these data are strongly suggestive of a pre-synaptic 
basis for reduction in post-synaptic muscle tone. However, the exact mechanism 
underlying this behavioral deficit is currently unknown. Through these data we 
hypothesize that Kismet may be part of the epigenetic machinery that regulates 
specific components of the pre-synaptic machinery that governs neurotransmitter 
release probability. 
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Figure Legends 
Figures 3-1. Pan-neuronal knockdown of Kismet does not affect bouton 
number at the NMJ synapse.  
Graph represents quantification for mean bouton number at the NMJ 6/7. (A-B) 
are outcrossed control genotypes are +;UAS:204/+;+	   and	   Dcr2;;elav:gal4/+ (C) 
The experimental genotype was Dcr2;+elav>204b with pan-neuronal knockdown 
of Kismet. Error bars are SEM. NS is non-significant. 
 
Figures 3-2. Muscle-specific knockdown of Kismet does not affect bouton 
number.  
Graph represents quantification for mean bouton number at the NMJ 6/7. (A-B) 
are outcrossed control genotypes are +;UAS:204/+;+	    and Dcr2;;24B-gal4/+ (C) 
The experimental genotype was Dcr2;;24Bgal4>204b with muscle-specific 
knockdown of Kismet. NS is non-significant. 
 
Figures 3-3. Pan-neuronal knockdown of Kismet does not affect branch 
number.  
Graph represents quantification for mean bouton number at the NMJ 6/7. (A-B) 
are outcrossed control genotypes are +;UAS:204/+;+	   and	   Dcr2;;elav:gal4/+ (C) 
The experimental genotype was Dcr2;+elav>204b with pan-neuronal knockdown 
of Kismet. Error bars are SEM. *p<0.05, **p<0.01 and ***p<0.001 
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NS is non-significant. 
 
Figures 3-4. Muscle-specific knockdown of Kismet does not affect branch 
number.  
Graph represents quantification for mean branch number at the NMJ 6/7. (A-B) 
are outcrossed control genotypes are +;UAS:204/+;+	    and Dcr2;;24B-gal4/+ (C) 
The experimental genotype was Dcr2;;24Bgal4>204b with muscle-specific 
knockdown of Kismet. NS is non-significant 
 
Figures 3-5. Pan-neuronal knockdown of Kismet leads to a decrease in 
GluRIIB cluster size.  
Graph represents quantification for GluRIIB average cluster size at the NMJ 6/7. 
Pan-neuronal knockdown of Kismet led to a small but overall non-significant 
reduction in GluR cluster size. (A-B) are outcrossed control genotypes are 
+;UAS:204/+;+	   and	   Dcr2;;elav:gal4/+ (C) The experimental genotype was 
Dcr2;+elav>204b with pan-neuronal knockdown of Kismet. Error bars are SEM. 
*p<0.05, **p<0.01 and ***p<0.001 
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Figures 3-6. Muscle-specific knockdown of Kismet leads to a decrease in 
GluRIIB cluster size.  
Graph represents quantification for GluRIIB average cluster size at the NMJ 6/7. 
Muscle-specific knockdown of Kismet led to a small but overall non-significant 
reduction in GluR cluster size. (A-B) are outcrossed control genotypes are 
+;UAS:204/+;+	    and Dcr2;;24B-gal4/+ (C) The experimental genotype was 
Dcr2;;24Bgal4>204b with muscle-specific knockdown of Kismet. Error bars are 
SEM. *p<0.05, **p<0.01 and ***p<0.001 
 
Figures 3-7. Pan-neuronal knockdown of Kismet does not significantly 
affect relative fluorescence intensity levels of GluRIIB.  
Graph represents quantification for GluRIIB relative fluorescence intensity at the 
NMJ 6/7. (A-B) are outcrossed control genotypes are +;UAS:204/+;+	   and	  
Dcr2;;elav:gal4/+ (C) The experimental genotype was Dcr2;+;elav>204b with pan-
neuronal knockdown of Kismet. Error bars are SEM. *p<0.05, **p<0.01 and 
***p<0.001 
 
Figures 3-8. Muscle-specific knockdown of Kismet does not significantly 
affect GluRIIB relative fluorescence intensity.  
Graph represents quantification for relative fluorescence intensity for GluRIIB at 
the NMJ 6/7. (A-B) are outcrossed control genotypes are +;UAS:204/+;+	    and 
Dcr2;;24B-gal4/+ (C) The experimental genotype was Dcr2;;24Bgal4>204b with 
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muscle-specific knockdown of Kismet. Error bars are SEM. *p<0.05, **p<0.01 and 
***p<0.001 
 
Figures 3-9. Pan-neuronal knockdown of Kismet significantly affects the 
frequency of spontaneous miniature events (mEJC Hz).  
Graph represents quantification for mEJCHz recorded from muscle 6. (A-B) are 
outcrossed control genotypes are +;UAS:204/+;+	   and	  Dcr2;;elav:gal4/+ (C) The 
experimental genotype was Dcr2;+elav>204b with pan-neuronal knockdown of 
Kismet. Error bars are SEM. *p<0.05, **p<0.01 and ***p<0.001 
 
Figures 3-10. Muscle-specific knockdown of Kismet does not significantly 
affect mEJC Hz. 
Graph represents quantification for mEJCHz recorded from muscle 6. (A-B) are 
outcrossed control genotypes are +;UAS:204/+;+	    and Dcr2;;24B-gal4/+ (C) The 
experimental genotype was Dcr2;;24Bgal4>204b with muscle-specific knockdown 
of Kismet. Error bars are SEM.  
 
Figures 3-11. Pan-neuronal knockdown of Kismet significantly affects the 
larval locomotion (crawling distance).  
Graph represents quantification of larval crawling distance using third instar 
larvae. (A-B) are outcrossed control genotypes are +;UAS:204/+;+	   and	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Dcr2;;elav:gal4/+ (C) The experimental genotype was Dcr2;+elav>204b with pan-
neuronal knockdown of Kismet. Error bars are SEM. *p<0.05, **p<0.01 and 
***p<0.001 
 
Figures 3-12. Muscle-specific knockdown of Kismet does not affect larval 
locomotion (crawling distance).  
Graph represents quantification of larval crawling distance using third instar 
larvae. (A-B) are outcrossed control genotypes are +;UAS:204/+;+	    and 
Dcr2;;24B-gal4/+ (C) The experimental genotype is Dcr2;;24Bgal4>204b with 
muscle-specific knockdown of Kismet. Error bars are SEM.  
 
Figures 3-13. Pan-neuronal knockdown of Kismet significantly affects the 
number muscle contractions.  
Graph represents quantification for mean muscle contractions using third instar 
larvae. (A-B) are outcrossed control genotypes are +;UAS:204/+;+	   and	  
Dcr2;;elav:gal4/+ (C) The experimental genotype was Dcr2;+elav>204b with pan-
neuronal knockdown of Kismet. Error bars are SEM. *p<0.05, **p<0.01 and 
***p<0.001 
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Figures 3-14. Muscle-specific knockdown of Kismet does not affect the 
number muscle contractions. 
Graph represents quantification for mean muscle contractions using third instar 
larvae. (A-B) are outcrossed control genotypes are +;UAS:204/+;+	    and 
Dcr2;;24B-gal4/+ (C) The experimental genotype is Dcr2;;24Bgal4>204b with 
muscle-specific knockdown of Kismet. Error bars are SEM.  
 
Supplementary Figures 
Figure 3-15. Pan-neuronal knockdown of Kismet does not affect GluRIIC 
cluster size.  
Graph represents quantification for GluRIIC average cluster size at the NMJ 6/7. 
(A-B) are outcrossed control genotypes are +;UAS:204/+;+	  and	  Dcr2;;elav:gal4/+ 
(C) The experimental genotype was Dcr2;+elav>204b with pan-neuronal 
knockdown of Kismet. Error bars are SEM. *p<0.05, **p<0.01 and ***p<0.001 
 
Figures 3-16. Muscle-specific knockdown of Kismet does not affect GluRIIC 
cluster size.  
Graph represents quantification for GluRIIC average cluster size at the NMJ 6/7. 
(A-B) are outcrossed control genotypes are +;UAS:204/+;+	    and Dcr2;;24B-
gal4/+(C) The experimental genotype was Dcr2;;24Bgal4>204b with muscle-
specific knockdown of Kismet. Error bars are SEM.  
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Figures 
Figures 3-1 to 3-4: Tissue-specific knockdown of Kismet does not alter NMJ 
morphology 
3-1 to 3-2: Pan-neuronal and muscle-specific knockdown of Kismet does not 
affect mean bouton number at the NMJ synapse.  
3-3 and 3-4: Pan-neuronal and muscle-specific knockdown of Kismet does 
not affect mean branch number.  
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Figures 3-5 and 3-6: Tissue-specific knockdown of Kismet decreases 
GluRIIB cluster size  
3-5 to 3-6: Pan-neuronal and muscle-specific knockdown of Kismet led to 
small non-significant reductions in GluRIIB cluster size.  
Figures 3-7 and 3-8: Pan-neuronal knockdown and muscle-specific of 
Kismet does not affect relative fluorescence intensity levels of GluRIIB.  
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Figures 3-9 to 3-10: Pre-synaptic knockdown of Kismet reduces mEJC 
frequency 
3-9: Pan-neuronal knockdown of Kismet significantly affects the frequency 
of spontaneous miniature events (mEJC Hz).  
3-10: Muscle-specific knockdown of Kismet does not significantly affect 
mEJ CHz. 
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Figures 3-11 to 3-14: Pre-synaptic knockdown of Kismet regulates motor 
coordination behaviors 
3-11 and 3-12: Pan-neuronal but not muscle-specific knockdown of Kismet 
significantly affects the larval crawling distance.  
3-13 and 3-14: Pan-neuronal but not muscle-specific knockdown of Kismet 
significantly affects the number muscle contractions.  
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Figure 3-15: Tissue-specific knockdown of Kismet does not regulate GluRIIC 
cluster size 
3-15: Pan-neuronal knockdown of Kismet does not affect GluRIIC cluster 
size. 
3-16: Muscle-specific knockdown of Kismet does not affect GluRIIC cluster 
size.  
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CHAPTER 4: Discussion and Future Directions 
Kismet is a putative chromatin remodeling protein of the trithorax group, 
which maintains heritable states of transcription in Drosophila melanogaster. Our 
research has indicated a role for Kismet in the nervous system, specifically, in the 
proper development and function of the glutamatergic neuromuscular junction 
synapse (NMJ). Glutamate is the major fast excitatory neurotransmitter in the 
mammalian central synapses and in Drosophila (Sinakevitch et al., 2010). 
Glutamatergic signaling forms the basis for processes such as locomotion, 
learning and memory. Misregulation of glutamatergic signaling has been reported 
in neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease 
and psychiatric disorders etc. (Sinakevitch et al., 2010). Our data has identified a 
requirement for the Kismet protein to positively regulate glutamate receptor 
clustering, synaptic transmission and associated behaviors at the Drosophila 
NMJ. 
Kismet has widespread expression in the fly central nervous system and 
ventral nerve cord (Daubresse et al., 1999; Melicharek et al., 2010b). Previously 
published data from our lab (Melicharek et al., 2010b) has shown that when 
Kismet was reduced by 60% (assessed in wing discs) using RNAi and the Gal4-
UAS system (Andrea H. Brand, 1993a), adult flies that eclose exhibit several 
anatomical, phenotypic and behavioral defects. Specifically, this knockdown leads 
to adult flies with a distinct postural defect known as the Held-Out-Wing (HOW) 
phenotype. These flies are greatly impaired in their coordinated muscle movement 
as assayed by their climbing ability and are flight defective (Melicharek et al., 
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2010b). A stronger ubiquitous knockdown of Kismet was accomplished using a 
second RNAi reagent, which reduced Kismet protein by 90%. This higher dose of 
Kismet knockdown led to late pupal lethality. The morphology of the pharate 
adults within the pupal cases was normal however they appeared paralytic. A 
tissue-specific knockdown of Kismet identified a requirement for it in the adult 
muscle, as loss of Kismet function led to diminished motor co-ordination 
(Melicharek et al., 2010b). A similar effect was seen when Kismet was knocked 
down simultaneously in the adult muscle and motor neurons (Melicharek et al., 
2010b). These results are suggestive of a requirement of Kismet in both the motor 
neurons and muscles in order to effectively perform associated behaviors. Thus, 
we hypothesized that the late pupal lethality observed in flies with reduced Kismet 
may be due to loss of coordinated muscle movement required for eclosion. 
At the NMJ synapse, Kismet is localized within the motor neuron nuclei 
present in the cortex region of the ventral nerve cord and within the multi-
nucleated muscle cells of the larval body wall tissue. The nuclear localization 
pattern is consistent with the role of Kismet as an epigenetic transcription factor 
and is indicative of its role in both the pre- and post-synaptic components of the 
NMJ. 
The glutamatergic Drosophila NMJ synapse is highly plastic. The synaptic 
efficacy may be altered by both pre-, and post-synaptic mechanisms. Identification 
of factors that can alter pre- and post-synaptic functions will be critical to the 
understanding of neuronal development.    
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Modulation of post-synaptic efficacy may be mediated by glutamate 
receptors through mechanisms that alter their subunit composition within a 
functional glutamate receptor complex, their total numbers, and density at the 
NMJ synapse. A functional Drosophila ionotropic glutamate receptor is composed 
of four subunits. Three of these subunits IIC, IID, and IIE are essential and 
invariant subunits. The fourth subunit may be GluRIIA or GluRIIB. GluRIIA–type 
receptors generate stronger postsynaptic responses than GluRIIB-type receptors. 
These receptor subunits also exhibit differences in their single channel kinetics 
wherein GluRIIB channels desensitize much faster than GluRIIA channels. Thus, 
receptor subunit composition may be altered to modulate synaptic strength.   
A microarray study conducted on Kismet loss-of-function whole white pre-
pupae led to a significant reduction (greater than 6-fold) in the mRNA levels of 
muscle-specific glutamate receptor subunit genes gluRIIB, and a 2-fold reduction 
in the gluRIIC (Marenda Lab unpublished results).  
Additionally, preliminary electrophysiology data resulting from ubiquitous 
knockdown of Kismet in third instar larvae, (provided by Drs. Hong Bao and Bing 
Zhang) led to significant decreases in evoked response (eEJP amplitude), the 
number of vesicles released per stimulus (quantal content) and spontaneous 
vesicle release frequency (mEJP Hz) and a non-significant reduction in the 
response to a single vesicle fusion event (mEJP amplitude). Taken together, 
these electrophysiology data also suggested that Kismet may affect both pre and 
post-synaptic components of the NMJ.  
 110 
Based on the muscle-specific adult climbing deficits, reduction in gluR 
subunit mRNAs and preliminary electrophysiology data we sought to investigate 
the Drosophila glutamatergic NMJ synapse. We hypothesized that a ubiquitous 
knockdown of Kismet may negatively influence NMJ development and function by 
causing epigenetic changes around the cis-regulatory regions of subunit-specific 
gluRs, such that a decrease in their mRNA levels would lead to a concomitant 
reduction in their protein levels. Since, GluRs respond to glutamate released from 
pre-synaptic motor neurons, a reduction in total GluR numbers would lead to 
decreased response from the muscle, and defective coordinated muscle 
movement. However, it may also be possible that the response generated by the 
GluRs may be reduced due to a primary defect in pre-synaptic signaling. 
However, we favored the first hypothesis and focused on clarifying the role of 
Kismet on the post-synaptic GluRs. Kismet positively regulates GluR cluster size. 
Decrease in Kismet reduces GluR cluster size  
Ubiquitous knockdown of Kismet does not affect gluR mRNA levels or 
protein abundance but leads to a reduction in GluR cluster sizes. 
Interestingly, in the third instar larvae, reduced Kismet function did not 
significantly affect mRNA levels of gluRIIA, gluRIIB and gluRIIC. The development 
of the fertilized egg to the adult stage takes approximately 12 days, during which 
rapid changes in gene expression must match the growing demands of the 
developmental inputs. The microarray data were derived from white pre-pupal 
forms of Drosophila with decreased Kismet as opposed to the third instar larvae 
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used for our study. Thus, we reasoned that the reduction in gluRIIB and gluRIIC in 
the microarray might be reflective of a requirement for Kismet or its failure to 
maintain gluR mRNA levels during this later stage of development. Additionally, 
the source tissue for the microarray were whole white pre-pupae whereas, third 
instar larval body wall tissues were used for this study. Overall, these data 
indicate that Kismet does not regulate gluR mRNA levels in third instar larvae. 
Post-synaptic efficacy and strength at the Drosophila NMJ may in part be 
regulated by glutamate receptor cluster/field size (Featherstone et al., 2002a; Liu 
et al., 2010). Glutamate receptor cluster sizes have a direct correlation to synaptic 
strength (Featherstone et al., 2002a). Proper apposition and alignment of 
glutamate receptor clusters with the pre-synaptic active zones add a level of 
regulatory control for transmission of signal across the NMJ synapse.  
Our data from the ubiquitous knockdown of Kismet in the third instar 
resulted in a significant decrease in GluRIIB cluster size at a single representative 
NMJ synapse. We found small but non-significant reductions in cluster sizes of 
the variant GluRIIA subunit and essential, non-variant GluRIIC receptor subunits. 
Thus, our data indicates that GluRIIB subunit clustering is most susceptible to the 
ubiquitous reduction of Kismet. The mature third instar larval NMJ synapse has 
equal abundance of GluRIIA and GluRIIB. Thus, if the reduction in GluRIIB 
clusters translates across all NMJ synapses in the larval body wall, it may impact 
the overall post-synaptic function during this stage of development.  
In order to identify the tissue-specificity of the defect in cluster sizes, we 
knocked down Kismet pan-neuronally (i.e. in all neurons including motor neurons), 
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and independently in the muscle. We detected small but non-significant 
reductions in GluRIIB cluster size when Kismet was knocked down both pan-
neuronally and post-synaptically. Consistent with the sensitivity of GluRIIB 
clusters to decreased Kismet, comparatively no tissue-specific changes in the 
cluster sizes of GluRIIA and GluRIIC were observed. Taken together, these 
results indicate that a pan-neuronal, or muscle-specific reduction of Kismet alone 
was not sufficient to produce this defect. Thus, there may be a simultaneous 
requirement of Kismet in both pre- and post-synaptic components of the NMJ to 
regulate cluster size of GluRs.  
Since, only a ubiquitous knockdown of Kismet led to the reduction in GluR 
cluster sizes, we reasoned that this knockdown might affect a broad range of 
tissues such neuronal populations and interneurons within the central nervous 
system in addition to the targeting the NMJ. Thus, Kismet reduction mediated by 
this approach may not be produced in a targeted/localized manner. Further, the 
affected downstream genes may be directly or indirectly regulated by Kismet. 
Thus, besides the requirement of Kismet in the pre and post synapse, the 
reduction in GluR cluster size due to ubiquitous knockdown may be mediated by 
complex and far reaching mechanisms that we have not addressed in the sets of 
experiments limited only to the NMJ.  
We also analyzed the total number of GluRs at this NMJ synapse using 
relative fluorescence intensity as a proxy. However, our data indicated that a 
decrease in Kismet did not alter gluR abundance. The relative fluorescence 
intensity measurement reflects the total number of GluRs available at the 
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particular synapse under study. This metric does not address receptor trafficking 
i.e. to differentiate between GluRs presented at the surface of the muscle 
membrane vs. the internal endocytic pool of receptors. A reduction in the number 
of surface presented GluRs would lead to decrease in the efficacy of the post-
synaptic response. This is because less GluRs would be available to respond to 
the glutamate released into the synaptic cleft. However, surface presented 
receptors may be in the future quantified by fluorescence measurement of 
antibody conjugation of surface epitopes under non-permeabilizing conditions 
through “antibody feeding” method. In this method, the internalized receptors can 
be labeled post the permeabilization step and visualized through conjugation with 
a distinct fluorophore. Further modifications to this technique exist which may be 
used to more sensitively quantify the number of receptors internalized vs. those 
that have been recycled.  
Additionally, we cannot rule out a possible reduction in total GluR levels 
due to genetic background effects relative to fluorescence levels (Liebl and 
Featherstone, 2005). Additionally, since Kismet is a putative chromatin 
remodeling protein, epigenetic variation between the age-matched larvae used for 
this study may account for this observation. Furthermore, a kis:gal4 x 
UAS:kisRNAi approach may better as it would lead to knockdown of Kismet in 
regions that normally express this protein.  
Based on the originally proposed hypothesis, our data for GluR 
immunohistochemistry analyses have indicated that the ubiquitous knockdown of 
Kismet does not regulate mRNA biogenesis or GluR abundance; rather it affects 
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their proper localization/clustering at the synapse. Our data also suggests that the 
effect of Kismet on GluR cluster sizes may not be direct, as we did not detect 
significant changes upon the tissue-specific knockdown of Kismet. Thus, Kismet 
may be presumably indirectly affecting genes/genes families to regulate GluR 
cluster size. The reduction in mRNA of gluRs in pupal stages but not in the third 
instar may be developmentally regulated. Moreover, in the third instar larval stage 
the mRNA levels may not present a complete picture wherein, several steps are 
needed to be precisely coordinated from the generation of gluR transcripts, 
translation, trafficking and assembly of receptors to the muscle membrane and 
their apposition to the pre-synaptic active zones.  
Overall the decrease in GluR cluster size data suggest that the efficacy of 
post-synaptic response may be altered. In order to study the impact of the 
significant reduction in GluRIIB and decreases in GluRIIA and GluRIIC cluster 
sizes, we analyzed synaptic function by electrophysiology. 
Pre-synaptic knockdown of Kismet leads to defective 
spontaneous release. 
In order to study the effect of Kismet on synaptic function, two-electrode 
voltage clamp recordings were made from the muscle 6 of the NMJ synapse of 
segment 3 or 4. The synaptic function parameters described here would depend 
on proper pre-signaling and efficacy of the post-synaptic response mediated by 
the GluRs. The interpretation for the findings in case of ubiquitous and tissue-
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specific knockdown on eEJC amplitude, miniAmplitude, mini frequency, and 
quantal content are discussed below. 
Ubiquitous and Tissue-specific knockdown of Kismet 
1) Nerve-evoked response (eEJC amplitude) 
When Kismet was knocked down ubiquitously, it led to a non-significant 
reduction in the nerve-evoked response (eEJC amplitude); this parameter is a 
direct measure of synaptic function. However, no tissue-specific effect of Kismet 
knockdown on eEJC amplitude was observed. A defect in eEJC amplitude would 
be indicative of defects either in pre or post-synaptic signaling due to the following 
reasons: (1) Defective pre-synaptic signaling may lead to a change in the overall 
level of glutamate being released into the synaptic cleft. In this scenario, there 
would be no corresponding change in the number of glutamate receptors. Thus, a 
reduced response may still be recorded from the muscle. (2) Ruling out the 
defective release scenario, the reduced response recorded from the muscle may 
be due to defective post-synaptic signaling, i.e., mediated by a decrease in 
numbers and density of GluRs and hence reduced effectiveness of the signal 
recorded from the muscle.  
2 and 3) Minis (mEJC amplitude and mEJC frequency) 
Electrophysiological recordings for miniature amplitude (mEJC amp) and 
miniature frequency (mEJC Hz) during un-evoked/spontaneous conditions help 
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identify the underlying loci of defects under evoked conditions, or due to 
propagation of action potentials.  
A defect at the level of the mEJC amp (or quantal size) would be indicative 
of primarily a post-synaptic defect, as it is a response of the muscle to the 
spontaneous fusion of a single vesicle. This response would depend on the 
number of glutamate receptors and their conductance (Kerchner and Nicoll, 
2008). There are very few pre-synaptic mechanisms that could affect mEJC amp, 
e.g. neurotransmitter loading (change in vesicle diameter). However, we did not 
observe any significant change to mEJC amp parameter when Kismet was 
knocked down ubiquitously or in a tissue-specific manner. 
In the case of mEJC Hz, the pre-synaptic cell would be the determinant. 
This is because it represents the vesicle release probability, i.e. the number of 
fusion events under spontaneous conditions. In animals with ubiquitous 
knockdown of Kismet, we found a 25% but non-significant reduction in mEJC Hz. 
Surprisingly, the pan-neuronal knockdown (in all neurons, including motor 
neurons) led to a significant and 50% reduction in the mEJC Hz. However, there 
could be a post-synaptic basis to the reduction in mEJC Hz parameter wherein (1) 
The frequency of the bursting events maybe undetected in case of unresponsive 
post-synapses due to reduced sensitivity of GluRs to these occurrences; and (2) 
Post synapses with reduced efficacy may lead to reduced mEJC Hz due to low 
detection threshold of these events (Kim et al., 2012). This effect was not seen 
upon a post-synaptic reduction of Kismet. Arguing against the post-synaptic basis, 
we did not observe an effect on the mEJC Hz when Kismet was knocked down 
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only in the post-synapse. Moreover, a reduction in mEJC Hz due to the post-
synaptic knockdown would have exacerbated the reduction in mEJC Hz when 
Kismet was knocked down ubiquitously; and this was not the case. Thus, taken 
together the spontaneous release data suggest Kismet positively regulates pre-
synaptic release properties at the Drosophila NMJ. The underlying signaling 
mechanisms governing the pre-synaptic neurotransmitter release properties, 
which may be potentially affected include 1) fewer vesicles docked at the pre-
synaptic nerve terminal 2) defective vesicle fusion and exocytosis to alter 
neurotransmitter release probabilities, and/or 3) endocytosis that may affect 
vesicle recycling. However, these signaling processes will need to be tested in a 
specific manner. 
4) Quantal Content  
Mini frequencies may serve as indicators for release probability under 
evoked condition i.e. Quantal content. This parameter represents the total pre-
synaptic output or number of vesicles released per stimulus event. However, our 
data indicated that the defect in mini frequency did not translate to a defect in 
quantal content. 
Immunohistochemistry and electrophysiology data summary 
Our immunohistochemistry data indicated decrease in GluR cluster size 
and electrophysiology data suggested a decrease in the frequency of the 
spontaneous release events. Based on both these pre and post-synaptic 
changes, we would expect decreased nerve-evoked response. However, as 
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reported above, only a small and non-significant reduction in eEJC amplitude was 
observed in animals with ubiquitous knockdown of Kismet and no change in eEJC 
amplitude in animals with tissue-specific knockdowns was observed. We 
hypothesize that the defect in eEJC amplitude may be developmentally regulated. 
Consistent with this theory, ubiquitous and tissue-specific knockdown of Kismet 
led to late pupal lethality. The paralytic phenotype observed in the pharate adults 
may represent an accumulation of synaptic transmission defects such that these 
animals lack the coordinated muscle movement required to eclose from the pupal 
cases. Thus, the defect in eEJC amplitude may be developmental stage and 
therefore time-dependent and this is illustrated in chapter 2, figure 2-21.  
The two-electrode voltage clamp electrophysiology data with appropriate 
background controls for the RNAi experiments as opposed to the preliminary 
electrophysiology data have indicated that the primary defect is with pre-synaptic 
signaling. These data are consistent with the subtle changes in GluR cluster size 
on the post-synaptic side of the NMJ than what we had originally expected. 
Overall, our data suggests that the primary defect appears to be with pre-synaptic 
signaling as opposed to the post-synaptic side. Primarily, the chronic reduction in 
motor neuron activity would lead to reduction in post-synaptic GluR cluster size 
(secondary defect). Alternately, the pre and post-synaptic defects may be 
independent of each other wherein Kismet may indirectly modulate expression of 
genes/gene families on the post-synaptic side to regulate GluR cluster size. The 
pre and post-synaptic defects may translate into overall synaptic dysfunction or 
behavioral defects. Below we have discussed the broader implications of 
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defective spontaneous release events followed by the section on behavioral 
deficits. 
Broader implications of defective spontaneous release events 
A few questions that emerge from the two-electrode voltage clamp 
recordings are: What is the relevance of spontaneous fusion events? And, does 
the depletion of the vesicle pool available for spontaneous release also translate 
into a reduction in the number of vesicles released during evoked release in due 
course of development? Described below are some studies that discuss the 
broader implications for the role of spontaneous release events in synaptic 
maintenance and plasticity.  
Events governing the miniature events form the underlying basis of the 
quantal theory of neurotransmitter release (Fredj and Burrone, 2009). When all 
forms of release, including spontaneous release, was blocked using the 
Drosophila mutants - syntaxin-1a and shibire (blocks vesicle recycling leading to 
depletion of vesicles at the nerve terminals) mutant - Saitoe et. al. showed that in 
the syntaxin mutants, either minis were undetected or there were reduced 
occurrences of it. On the post-synaptic side there was a complete abolishment of 
clustering of glutamate receptors in the mutant with no minis (Saitoe et al., 2001). 
Additionally, this study suggested that minis were more likely involved in the 
clustering and stabilization of GluRs rather than their surface expression. Mini 
frequencies per se are not involved in the direct regulation of GluR clustering 
rather, they may regulate mechanisms that control release of “agents” that 
regulate GluR clustering on the post-synaptic side. Thus minis play an important 
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role in the regulation of synaptic plasticity. Given that we did not see abolishment 
of GluR clustering as one of the syntaxin mutants, the reduction in pre-synaptic 
Kismet function may not be as strong a perturbation as the syntaxin mutant. Thus, 
Kismet may serve to modulate spontaneous release from the motor neuron nerve 
terminal. Taken together, this may be indicative of a novel mechanism by which 
Kismet may regulate spontaneous release to indirectly regulate post-synaptic 
GluR cluster size.  
In vertebrates, dendritic spines are thought to play an important role in the 
transference and integration of multiple synaptic inputs to the dendrites. 
Alterations in spine structure was observed during learning tasks and long-term 
potentiation (R. Anne McKinney, 1999) indicating that dendritic spine morphology 
and numbers may in part regulate synaptic plasticity. This study showed that 
when all action potential dependent and spontaneous release of glutamate were 
blocked by botulinum toxin, it resulted in a significant reduction in dendritic spine 
length and density in post-synaptic neurons of pyramidal cells in rat hippocampal 
slice CA1 cell cultures (R. Anne McKinney, 1999). Additionally, this defect could 
be rescued by external application of AMPA agonist. This showed that 
spontaneous vesicular release of glutamate was involved in the direct activation of 
post-synaptic AMPA receptors.  Furthermore, this effect was not observed when 
only action potential-dependent synaptic transmission was blocked using 
tetradotoxin. It is thought that the activation of AMPA receptors in response to 
spontaneous release of glutamate appears to signal, i.e. “reinforce” the post-
synapse of its connectivity with the pre-synaptic neuron. Thus, minis are required 
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as a part of synaptic “maintenance”. Minis were also shown to regulate protein 
synthesis in dendrites of neurons (Sutton et al., 2004). This may be applied to our 
system wherein decrease in neurotransmitter release in the Drosophila central 
synapses may lead to a decrease in dendritic spine density in the postsynaptic 
interneuron. Transmission of input signals from the upstream interneuron to 
downstream muscle would be diminished. Consistent with this, our previously 
published results have shown that a reduction in Kismet in the giant fiber 
interneuron leads to defective climbing behavior or coordinated muscle movement 
in adult flies (Melicharek et al., 2010b). 
The identity of the vesicular pool facilitating spontaneous fusion events is 
not well understood. Vesicles derived from spontaneous fusion of minis are 
thought to represent vesicles that are docked and primed for release (Hua et al., 
2010). The notion that the vesicular pool for spontaneous and evoked release is 
common has in the recent years begun to change. Recent studies have 
suggested that the vesicular pool for spontaneous fusion may after all be distinct 
from that of evoked release (Poskanzer and Davis, 2004; Fredj and Burrone, 
2009). Apart from the readily releasable and reserve pool of vesicles that are 
activated due to neuronal activity, there exists a third set of pool, called resting 
pool, wherein vesicles are not readily recruited in response to neuronal activity 
(Poskanzer and Davis, 2004). In hippocampal neurons the idea of existence of 
distinct pools during spontaneous and evoked release remains debatable with 
studies supporting both schools of thoughts. One study indicated that 
spontaneous fusion events release vesicles from the recyclable pool which is 
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composed of the readily releasable pool as well as the reserve pool rather than 
the resting pool (Hua et al., 2010). Our prediction is that if vesicular pool for both 
forms of release and the exocytosis is indeed common, decrease in mini 
frequency may reflect depletion of number of vesicles available for fusion or a 
defect in the fusion machinery itself.  Determination of paired-pulse ratios would 
address the size of the readily releasable pool of vesicles. Consistent with the 
prediction that Kismet may serve as a positive regulator of the vesicle fusion 
machinery; from our microarray data (unpublished results) we observed a two-fold 
decrease in SNAP-25, which is a component of the exocytosis machinery. In due 
course of development the common machinery responsible for fusion of vesicles 
under evoked conditions may show a significant effect eEJCAmplitude.  
Decrease in Kismet leads to deficits in motor coordination 
Ubiquitous and pre-synaptic knockdown of Kismet leads to defective 
behaviors in the third instar larvae 
Behaviors are a result of a complex read-out of multiple synaptic 
mechanisms summating into functions. The types of behavioral assays we have 
performed are muscle contractions and crawling distance. These behaviors are a 
result of complex signaling between pre and post-synaptic function. Thus, a deficit 
in the behavioral response would be indicative of defects in underlying processes 
that govern a specific type of behavior. Previous results from our lab had shown 
that adult flies with reduced Kismet exhibit behavioral deficits in climbing. As CS is 
a developmental disorder, we asked whether defects at the level of NMJ and 
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synaptic function would translate into defective locomotion at this early stage of 
development. To address this, we carried out two specific types of behavioral 
assays. First we analyzed the number of muscle contractions over a period of 
time. In the second type of behavior, we analyzed the total distance crawled by 
the third instar larva. 
Ubiquitous knockdown of Kismet in third instar larvae led to a significant 
reduction in the number of muscle contractions. The tissue-specificity of this 
defect was seen when Kismet protein was knocked down using an 
overexpression of Dicer in all neurons including motor neurons. Interestingly, 
100% of the defects seen in case of the ubiquitous knockdown were successfully 
recapitulated by the pre-synaptic knockdown. However, this phenotype was not 
observed when Kismet knockdown was achieved using a muscle driver or a dicer 
version of the muscle driver. This data strongly suggests that the tissue 
contributing to decreased muscle contractions in due to pre-synaptic reduction of 
Kismet function. Additionally, the tissue specificity of this defect is consistent with 
decreased in mini frequency observed upon the pan-neuronal knockdown of 
Kismet. 
Furthermore, analysis of the larval crawling distance revealed that the third 
instar larvae with ubiquitous knockdown of Kismet were defective in their crawling 
ability. Once again, the pan neuronal knockdown of Kismet was able to reproduce 
most of these defects, while there was no defect with the knockdown specifically 
in the muscles.  
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For our studies, the knockdown of Kismet was mediated ubiquitously and in 
a tissue-specific manner using the RNAi.b reagent. It is important to note that all 
such knockdowns led to late pupal lethality. This suggests that Kismet is indeed 
required for proper neuron and muscle function. It is possibly also required in 
neuronal populations of the central complex. The central complex, which is a 
higher order structure in the central nervous system in Drosophila is associated 
with locomotion control and is analogous to the motor cortex in vertebrates. The 
contribution of motor neurons in these behavioral defects may be validated by 
mediating a motor neuron-specific knockdown of Kismet with dicer.  
Decrease in Kismet alters NMJ morphology 
Ubiquitous knockdown of Kismet leads to significant increase in the mean 
bouton number, and no significant effect on the levels of synaptic proteins 
evaluated 
We have also analyzed the role of Kismet on NMJ development by 
immunohistochemistry using specific pre and post-synaptic marker proteins. Upon 
analysis of the NMJ morphology using the pan-neuronal marker HRP, we 
detected a significant increase in the number of boutons when Kismet was 
knocked down ubiquitously. Addition of new boutons upon ubiquitous knockdown 
may represent either short-term plastic changes at the synapse, i.e., formation of 
new synapses, or represent pruning defects at the NMJ.  
However, when we assessed whether these boutons were associated with 
pre and post-synaptic densities using standard markers for synaptic proteins, we 
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did not see significant changes in the level of synaptic protein markers, Dlg, CSP, 
nc82 and FasII. We have shown that Kismet is required for normal developmental 
pruning of the glutamatergic gamma neurons of the mushroom body neurons in 
the central nervous system. Thus, we hypothesize that these additional boutons 
could be due to defective pruning of motor neuron nerve terminals at the NMJ. 
Data Summary 
Taken together, our data suggests that Kismet does not alter levels of the 
cell adhesion or pre and post-synaptic scaffolding proteins tested; rather it affects 
glutamatergic signaling across the synapse. The tissue-specific electrophysiology 
suggests that reduced Kismet function decreases the frequency of spontaneous 
release events and behavioral data (muscle contractions and total crawling 
distance) is suggestive of a pre-synaptic requirement of Kismet. However, at this 
stage it is unclear how Kismet may alter pre-synaptic release probability. It may 
be through a direct or indirect regulation of proteins involved in the process of 
exocytosis or vesicular recycling.  
In-line with the defective exocytosis theory, we found a significant two-fold 
downregulation in SNAP-25, which is an important component of the SNARE 
complex involved in exocytosis and neurotransmitter release. Additionally, third 
instar larvae with pre-synaptic knockdown of Kismet phenocopy a SNAP-25 null 
allele to a large extent. Specifically, with respect to the 50% reduction in mEJC Hz 
with normal evoked release. However, the temperature sensitive SNAP-25 leads 
to late pupal lethality due to blockage of neurotransmitter release (Vilinsky et al., 
2002). Similarly, normal eEJC amplitude in third instar larvae and late pupal 
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lethality are also observed in apparently paralytic and pharate adults with reduced 
Kismet. However, the abolishment of neurotransmitter release will need to be 
specifically tested in these pharate adults. 
At the post-synapse, we found a significant reduction in GluRIIB cluster 
size. However, only small non-significant reductions in GluRIIB cluster sizes were 
observed in case of the tissue-specific knockdowns suggestive of a requirement 
of Kismet in both pre and post-synaptic components to regulate cluster size. 
These tissue-specific data may also indicate that Kismet does not directly regulate 
GluR clusters but mediate a more indirect effect by regulating the expression of 
other genes and gene families. Thus, the effect on GluR cluster sizes may be 
independent of the defect in pre-synaptic signaling.  
Future directions 
The techniques that were available to us have had their limitations and in 
the future we propose the following experiments to address specific questions to 
further our contribution to the role of Kismet in NMJ development: 
Rescue experiments 
In order to confirm the locus of these defects as Kismet, we will need to 
show rescue in appropriate genetic backgrounds with reduced Kismet function. 
We have attempted to rescue behavioral and cluster size defects using 3 genomic 
copies of Kismet in a background of ubiquitous knockdown of Kismet. The 
behavioral phenotype showed a slight improvement in crawling and contraction 
behaviors. However, these results were not significant. We reasoned that the 
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genomic duplication, and one endogenous copy of Kismet, was probably 
insufficient to provide rescue effects due to simultaneous expression of the RNAi 
knockdown in the same system. This is because the strong knockdown (90% as 
assessed wing discs) would still overpower the total amount of functional Kismet 
protein. The residual Kismet would therefore not be sufficient to produce rescue 
especially in tissues not well targeted in the ubiquitous background. 
In the future a suitable genetic background with 4 copies of Kismet may be 
introduced through translocation and duplication. However, the effect of the 
RNAi.b reagent may still be very overpowering. A better rescue strategy would be 
overexpressing RNAi-resistant Kismet to ensure that the dosage of Kismet would 
counteract the loss of Kismet mediated by the RNAi knockdown that have now 
been made available to us.  
Our data has suggested a primary pre-synaptic requirement of Kismet. 
However, a pre-synaptic rescue in a ubiquitous background may not be ideal as 
the GAL4-UAS system may mediate both effects simultaneously in the fly. An 
alternate approach would be to mediate a pre-synaptic rescue in the Kismet loss 
of function mutation. 
Electron microscopic analysis of the pre-synapse 
Our NMJ analysis was limited to confocal imaging. Our data has suggested 
that the defects may lie at the level of number of vesicles available for fusion (due 
to defective endocytosis), or a defect in the exocytosis machinery itself. Electron 
microscopic analysis of the pre-synaptic morphology will help resolve some of 
these questions.  
 128 
We can determine alterations in T-bar density in boutons, and size of 
vesicles. The diameter of vesicles has been shown to have a positive correlation 
with quantal size. Absence of electron dense regions in the vicinity of the 
(Karunanithi et al., 2002) T-bars and further, morphological change in the 
packaging of the sub synaptic reticulum around the boutons, can also be 
assessed (Kim et al., 2012). 
Measurement of glutamate levels 
The amount of neurotransmitter release would have a direct impact on the 
post-synaptic response. However, we have not directly measured levels of 
glutamate in the pre-synapse. The techniques used in the study measure 
probability of release and post-synaptic response. The efficiency of loading 
neurotransmitter or efficiency of exocytosis of vesicles is not directly being tested 
by these methods. 
Pre-synaptic levels of glutamate in Drosophila have a negative correlation 
with glutamate receptor cluster size (Featherstone et al., 2002a). Glutamate 
decarboxylase (GAD) converts glutamate to GABA. In gad mutants there is 
elevation in the cytosolic levels of glutamate due to decreased catabolism of 
glutamate. Pre-synaptic levels of glutamate can be quantified by 
immunohistochemistry. GAD loss-of-function mutants exhibit increased cytosolic 
glutamate levels. Furthermore, these mutants exhibit decreased cluster size, and 
overexpression of GAD reversed this effect. These mutants also exhibited 
defective synaptic function.  
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Consistent with this, our microarray results also indicated significant up-
regulation in genes involved in glutamate biosynthesis pathways. One of these 
genes is gad. However, our current studies were focused on understanding the 
effects of reduced Kismet function in glutamate receptors. Paired-pulse 
electrophysiological recordings may be performed to assess glutamate released. 
Thus, we cannot rule out a pre-synaptic basis in our findings. 
Glial expressed glutamate transporters mediate clearance of excess 
glutamate from the synaptic cleft thereby preventing cytotoxicity. A reduction in 
the clearance function could lead to excess glutamate-dependent desensitization 
of post-synaptic GluRs. Therefore we knocked down Kismet in glia and assessed 
third instar larvae for any crawling and contractions deficits. However, we did not 
detect any effect in these behaviors in the experimental animals (Supplemental 
Figure 5-4, Chapter 5).  
Assess for Kismet-dependent changes in GluR composition  
The Drosophila NMJ synapse is thought to have equal abundance of 
GluRIIA and GluRIIB (Sigrist, 2012). GluRIIA and GluRIIB have differences in 
localization, channel kinetics, and synaptic currents. If Kismet acts as a rheostat 
to modulate expression of target genes, then the differential regulation of 
glutamate receptors at NMJ synapse would serve as a mechanism to add a level 
of complexity to synaptic plasticity (van Heyningen et al., 2010). A shift in the ratio 
of IIA/IIB can be detected by a double immunostaining of the NMJ, and by 
analyzing decay times by electrophysiology. 
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Alteration in single channel conductance may also be assessed to 
determine changes in postsynaptic sensitivity of an individual channel to 
glutamate. A decrease in conductance assessed with other electrophysiological 
parameters may help assess whether there has been a decrease in the number 
and size of receptors.  
Chromatin Immunoprecipitation (and sequencing) 
How does Kismet regulate synaptic function at the Drosophila 
neuromuscular junction?   
Based on structural similarities to the mammalian chromodomain proteins, 
it is suggested that Kismet may mediate protein-protein and protein-RNA 
interactions (Daubresse et al., 1999; Srinivasan et al., 2008a).  It plays a global 
role in regulation of transcription by facilitating an intermediate step (during 
promoter clearance) in transcriptional elongation by RNA polymerase II 
(Srinivasan et al., 2005a). Kismet negatively regulates levels of the histone 
modification-H3K27Me3, which is an epigenetic signature associated with 
transcriptionally silent genes (Srinivasan et al., 2008a). The H3K27Me3 
methylation mark is present upstream and at the transcription start site (Papp, 
2006). However, this modification is absent at the transcription site and coding 
region of actively transcribing genes. This differential regulation of H3K27Me3 in 
“ON” and “OFF” target genes is mediated by the trithorax family of chromatin 
remodeling proteins-ASH1 (Papp, 2006).  
The histone modification, H3K4Me3 is primarily present near the promoter 
regions of the transcriptionally active genes (Srinivasan et al., 2008a). It remains 
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to be determined whether Kis-L binds to H3K4Me3 sites in vivo and in vitro. 
Based on these findings, the proposed model for Kismet-mediated regulation of 
target genes is that Kis-L may recruit ASH1 and TRX proteins to indirectly 
methylate target sites near the promoter regions. Alternatively, Kis-L may bind to 
H3K4Me3 sites directly via its chromodomain and recruit RNA pol II transcriptional 
machinery to modulate transcription of target genes by altering local chromatin 
structure (Daubresse et al., 1999; Srinivasan et al., 2008a; Perez-Lluch et al., 
2011), Figure 7.  Our microarray analysis showed that several genes in glutamate 
signaling were misregulated due to decreased Kismet function. Thus, Kismet may 
function like a rheostat to up or downregulate target gene expression (van 
Heyningen et al., 2010).  
We hypothesize that the mechanism of this regulation is epigenetic i.e. 
Kismet may modulate expression of glutamate receptor genes by opening up the 
DNA around target genes and vicinity of the promoter of gluRs. However, Kismet 
did not significantly affect the mRNA levels of GluR genes in the third instar larval 
body wall muscles. Instead, our data strongly suggested that Kismet may primarily 
regulate pre-synaptic mechanisms, and that the regulation of post-synaptic GluRs 
may only be a secondary effect. Chromatin immunoprecipitation experiments will 
be the most appropriate way to identify downstream genes that are regulated by 
Kismet. On the pre-synaptic side we suspect genes in glutamate biosynthesis and 
the exocytosis machinery to be epigenetically regulated by Kismet. Our study 
however, has not addressed these underlying mechanisms.  
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A broader approach would be ChIP-seq experiments to determine the 
identity of the genes directly regulated by Kismet and the chromatin occupancy of 
histone methylation marks. 
Identification of specific domains of Kismet involved in regulation of GluR 
cluster size and synaptic function 
The understanding of Kismet function in flies has largely been dependent 
on genetic interaction studies. Kismet has two chromodomains, one SNF2-
domain, and one BRK domain. The chromodomains are known to mediate 
protein-protein interactions and selective recognition of methylated histone tails. 
The SNF2-like ATPase domain may be associated with the chromatin remodeling 
activity of Kismet. The function of the BRK domain remains to be determined. 
The presence of chromatin remodeling activity in Kismet, or its binding 
ability to specific histone modifications has never been established directly. On 
the other hand, a very elegant study conducted by Bouazoune et.al, confirmed the 
region/domains of CHD7 that are essential for chromatin remodeling activity 
(Bouazoune and Kingston, 2012). This study also suggested that the chromatin 
remodeling activity might be impaired in human developmental disorders such as 
CHARGE syndrome. 
Thus, it would be of value to generate flies with mutations that disrupt the 
function of the specific domains. These research efforts will help gain an 
understanding of the requirement of specific domains of Kismet in flies. The 
mechanism by which Kismet regulates glutamate receptor cluster size, behavior’ 
and synaptic function is still unclear. Thus, whether or not there is a requirement 
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of the chromodomain, chromatin-remodeling activity of Kismet in synaptic 
function, may be addressed by this approach. 
Relevance of our findings to CHARGE Syndrome 
Kismet is the only known protein that is orthologous to the mammalian 
CHD7 protein. Point Mutations in CHD7 have been identified with two-third cases 
of CHARGE syndrome (CS). CS is a neurodevelopmental disorder where patients 
exhibit varied phenotypes of the disease. This disease affects multiple organ 
systems; but primarily, the eye, ear, nose and facial nerve are affected. 
Additionally, 90% of patients exhibit hypotonia or decreased muscle tone. 
Published findings from our lab demonstrated that indeed flies with reduced 
Kismet develop phenotypes and defects in motor co-ordination that are 
reminiscent of hypotonia in CHARGE patients (Melicharek et al., 2010b). 
  Through this study we have developed an understanding of the 
downstream targets of Kismet, and cellular basis underlying these behavioral and 
phenotypic deficits. We have identified Kismet as a novel regulator of synaptic 
development. Specifically, we showed that in early development, decreased 
Kismet function negatively regulates muscle-specific GluR cluster sizes, and 
spontaneous pre-synaptic release frequency. We have focused on a single NMJ 
synapse at muscle 6/7 for immunohistochemistry, and a single muscle for 
electrophysiological recordings. However, the accumulation of these defects 
across all glutamatergic synapses and muscles may lead to gross functional 
deficits. Indeed we have shown that in the Drosophila model of CHARGE 
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Syndrome there is overall synaptic dysfunction. Specifically, there is a primary 
pre-synaptic requirement for Kismet to perform associated behaviors of crawling 
and muscle contractions. In the preceding section, we have discussed how these 
defects may be exacerbated in due course of development leading to late pupal 
lethality in pharate adults.  
Our findings may be extended to the understanding of signaling events in 
CS patients. For example, CS patients exhibit hypotonia or decreased muscle 
tone. The human NMJ is cholinergic in nature and the Drosophila NMJ is 
glutamatergic in nature. However, hypotonia may in part be explained by low 
muscle tone due to decreased motor inputs to the muscle. Our CHARGE model of 
the fly has strongly suggested that the primary defect is with pre-synaptic 
signaling. This suggests that the synaptic signaling across the NMJ may be 
comparable.   
The Drosophila NMJ is more similar to the mammalian central nervous 
system synapses, which are also glutamatergic in nature. Mice with reduced Chd7 
function lead to severely impaired functional response to auditory response and 
odorant stimulus. This is suggestive of underlying defects with signaling in the 
auditory and olfaction circuitry (Layman et al., 2009a). Glutamatergic signaling 
underlies hearing and olfaction ability in humans. However, there is a big gap in 
the literature where the role of CHD7 in glutamatergic signaling has never been 
clarified before. Thus, our findings have contributed significantly to the 
understanding of a putative chromodomain protein in glutamatergic signaling at 
the Drosophila NMJ synapse which may be extended to CHD7 function in human 
 135 
CNS synapses. Additionally, our microarray indicated several targets that are in 
pathways associated with nervous system development, axon guidance, and 
learning and memory. Understanding the role of Kismet in these pathways will 
shed further light into understanding CS.  
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CHAPTER 5: APPENDIX 
Supplementary Figures  
Figure 5-1: Kismet co-localizes with EcR at multiple genomic sites. 
Immunohistochemistry of polytene chromosome from third instar larval salivary 
gland +;Kis GFP/Kis GFP;+ (Blue: DAPI, Green: Kis-GFP,  Red: EcR) 
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Figure 5-2.1: Mushroom body pruning defects in babo9 and dSMAD2 
mutants.  
Figure 5-2.2: Quantification of babo9 pruning defects and rescue using 
genomic duplication of Kismet. 
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Figure 5-3: Effect of Kismet mutations on larval crawling distance and 
muscle contractions.  
LM27 (heterozygous null mutation), K13416 (homozygous hypomorphic mutation) 
 
 
 
 
   
*** = P<0.001 
0.5 
1 
1.5 
2 
2.5 
3 
3.5 
w- LM27 
cr
aw
lin
g 
di
st
an
ce
 (c
m
) 
No significant effect of Kismet protein on 
heterozygous null mutation on larval crawling 
distance 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
w- LM27 
C
on
tr
ac
tio
ns
/3
0s
ec
 
Kismet heterozygous null mutation does not 
significantly affect muscle contractions 
0 
0.5 
1 
1.5 
2 
2.5 
3 
3.5 
w- redo 10442 (K13416) 
cr
aw
lin
g 
di
st
an
ce
 (c
m
) 
Kismet hypomorphic mutation does not affect 
third instar crawling distance 
0 
5 
10 
15 
20 
25 
w- redo 10442 (K13416) 
co
nt
ra
ct
io
ns
/3
0 
se
c 
 
Kismet hypomorphic mutation significantly 
increases larval contractions 
***"
 154 
 
Figure 5-4: Knockdown of Kismet in glial cells does not significantly affect 
larval crawling and contraction behaviors. 
Glial driver: repo:gal4. Outcrossed control genotypes: 204b/+, repo/+ 
Experimental: repo>204b 
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Figure 5-5: Effect of Ubiquitous knockdown of Kismet on GluR cluster 
number 
5-5A: significant increase in GluRIIB cluster number 
5-5B and C: No significant effect on GluRIIA and GluRIIC cluster number. 
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Abstract  
The Drosophila neuromuscular junction (NMJ) is a glutamatergic synapse 
that is structurally and functionally similar to mammalian glutamatergic synapses. 
These synapses can, as a result in changes in activity, alter the strength of their 
connections via processes that require chromatin remodeling and changes in 
gene expression. The chromodomain helicase binding domain (CHD) protein 
Kismet (Kis) is expressed in both the presynaptic motor neuron nuclei and 
postsynaptic muscle nuclei of the Drosophila NMJ. Here we show that Kis is 
involved in the localization and clustering of glutamate receptors in postsynaptic 
muscle cells, in the proper morphology of presynaptic motor neurons, in larval 
motor behavior, and in synaptic transmission. Our data suggests that Kis is part of 
the machinery that modulates the development and function of this synapse. Kis 
is the homolog to human CHD7, which is mutated in CHARGE syndrome. Thus, 
our data may suggest novel avenues of investigation for synaptic defects 
associated with CHARGE syndrome.    
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Introduction  
In the mammalian nervous system, signaling via glutamate receptors 
mediates the majority of fast excitatory synaptic transmission and regulates 
processes that underlie learning, memory, and neurodegeneration (Hu et al., 
2007; Walton and Dodd, 2007; Matsuo et al., 2008; Mattson, 2008; Lüscher and 
Huber, 2010). Glutamatergic synapses are highly plastic and exhibit the capacity 
to alter protein composition and localization to maintain excitability (for reviews 
see (Davis, 2006; Marder and Goaillard, 2006; Turrigiano, 2012). For example, 
both presynaptic activity (Jakawich et al., 2010) and the number and subtype of 
postsynaptic receptor (Beique et al., 2011) can be changed to ensure proper 
synaptic strength. This assures that behaviors relevant to these synapses are 
executed properly (Clem and Huganir, 2010; Dong et al., 2013). Thus, factors that 
regulate glutamatergic signaling and receptor clustering are important regulators 
of nervous system function and behavior.  
Chromatin regulators like the Chromodomain Helicase DNA Binding (CHD) 
family of ATPases regulate transcription by altering the structure of chromatin 
(Murawska and Brehm, 2011). CHD proteins are well conserved and participate in 
neural development in both vertebrates (Adams et al., 2007; Layman et al., 
2009b; Bajpai et al., 2010; Hurd et al., 2010; Hurd et al., 2011b) and invertebrates 
(Melicharek et al., 2010a). Kismet (Kis) is the Drosophila ortholog of mammalian 
Chromodomain Helicase DNA Binding Protein 7 (CHD7). CHD7 and kis encode 
epigenetic transcription factors that function to maintain heritable states of 
transcription (Srinivasan et al., 2005b). Kis was shown to localize to a majority of 
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active transcription sites on salivary gland polytene chromosomes, suggesting 
that Kis may regulate the transcription of multiple different target genes during 
development (Srinivasan et al., 2005). However, the functional relevance of this 
binding for developmental processes is unclear. Studies in fly larval salivary 
glands suggest that Kis functions to enable elongation by RNA Polymerase II 
(Srinivasan et al., 2005b; Srinivasan et al., 2008b) and functions upstream of the 
histone H3K4 methyltransferases Trithorax and Ash1 (Srinivasan et al., 2008b; 
Dorighi and Tamkun, 2013). Kis is required for proper locomotion, memory, axon 
development, and circadian rhythms (Dubruille et al., 2009a; Melicharek et al., 
2010a). Further, Kis regulates the expression of atonal in the developing retina 
(Melicharek et al., 2008b) and components of the hedgehog pathway in 
developing wings (Terriente-Felix et al., 2011).  
Our labs independently identified kis function as necessary for glutamate 
signaling using two separate experimental approaches. We identified mutations in 
kis in a forward genetic screen for phenotypes that affect the localization of 
glutamate receptors (GluRs) at the NMJ. Similarly, using microarray analysis on 
kis loss-of-function pupae, we identified that Kis is required for the proper 
expression of GluR subunits in vivo. Here we describe, for the first time, the 
function of Kis in the expression and localization of GluRs at the larval NMJ in 
Drosophila, and in the regulation of NMJ development and function. Our results 
suggest that Kis function in the presynaptic motor neuron is important for GluR 
clustering and synaptic transmission. 
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Materials and Methods 
Drosophila Stocks. Fly stocks were maintained at 25°C on standard fly food. The 
kisLM27 allele was generated by EMS mutagenesis as previously described 
(Melicharek et al., 2008b). kisk13416 and all Gal4 lines were obtained from 
Bloomington Drosophila Stock Center. UAS-kisRNAi.b was obtained from Vienna 
Drosophila RNAi Center (VDRC stock #46685). UAS-Dlg and UAS-FasII were 
gifts from Vivian Budnik (Budnik et al., 1996; Ashley et al., 2005). Kismet-GFP 
was a gift from Alan Spradling and is described in (Buszczak et al., 2007). 
 
Behavioral Testing.  
25-50 wandering third instar larvae were used for behavioral testing. Larvae were 
washed with phosphate solution to rid them of food particles and placed on a non-
nutritive agar surface for acclimatization. To measure muscle contractions, an 8.5 
cm diameter agar plate was used to provide the larva with a crawling surface. 
Manual observations for peristaltic contractions were made for 30 sec per larva. 
Three trials per larva were performed. 
The crawling behavior of each larva was recorded using Sony DCR-SR47 
Handycam with Carl Zeiss optics. The video recording was processed using 
iMovies software (Apple Inc.) to convert the video file into frames for manual 
analysis using NIH Image J software. Frame-by-frame analysis of crawling 
distance was performed manually for each larva. Three trials were performed for 
each larva. The numerical output generated was used to calculate total distance 
crawled by the larva.  
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Immunohistochemistry. Fly stocks for third instar larval dissections were raised on 
standard Drosophila media. Dissections were performed on Sylgard-coated petri 
dishes in Roger’s Ringer solution (135 mM NaCl, 5 mM KCl, 4 mM MgCl2, 1.8 mM 
CaCl2, 5 mM TES, 72 mM sucrose) supplemented with 2 mM glutamate (Augustin 
et al., 2007). Animals were fixed for 30 min in either Bouin’s fixative (when GluR 
or Brp antibodies were used) or 4% paraformaldehyde (for all other antibodies). 
Primary antibodies obtained from the Iowa Developmental Hybridoma Bank 
included α-Brp/nc82 (1:50), α-CSP (1:200), α-DLG (1:1000), α-FasII (1:5), α-
GluRIIA (1:100), and α-Syt (1:100). α-GluRIIB (1:2000) and α-GluRIIC (1:5000) 
antibodies were gifts from Aaron DiAntonio (Marrus et al., 2004b). Mouse 
monoclonal acetylated tubulin (1:1000) was obtained from Sigma Aldrich. 
Rhodamine labeled phallotoxin (1:200) from Invitrogen was used to label F-actin. 
Fluorescently conjugated goat α-rabbit or goat α-mouse secondary antibodies 
(1:400, Jackson Immunoresearch Labs) were used along with α-HRP (1:125, 
Jackson Immunoresearch Labs). Larvae were mounted on slides using 
Vectashield (Vector Labs). Images from the A3 or A4 6/7 NMJ were obtained 
using an Olympus Fluoview 1000 laser scanning confocal microscope. 
 For Kismet protein detection with antibody staining, the w-; 
P{GawB}D42,P{UAS-n-syb-GFP.E}3/TM3, Sb1 (Blommington stock #9263) was 
used to highlight motor neurons and α-Kismet (1:100, gift from John Tamkun) was 
used to visualize Kismet protein. For Kismet-GFP detection, motor neurons were 
visualized with Elavc155-Gal4 driving expression of P{10XUAS-IVS-
mCD8::RFP}attP2 (Bloomington Stock #32218) and Kismet protein was visualized 
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with Kismet-GFP (Buszczak et al., 2007). Wandering third instar larval brains and 
body wall muscles were dissected and fixed with paraformaldehyde as described 
(Melicharek et al., 2010a). DAPI was used to visualize nuclei.  
GluR cluster sizes were measured as previously described (Featherstone 
et al., 2002b) from Z-projected confocal images using NIH ImageJ. Relative 
fluorescence intensities were quantified by obtaining the mean fluorescence 
intensity for each NMJ from Z-projected confocal images using Adobe Photoshop 
(v. CS2) and subtracting the mean fluorescence intensity obtained from an 
identical area of the muscle or non-NMJ area. Brp density was calculated by 
counting the number of fluorescent puncta from Z-projected confocal images and 
dividing by the total NMJ area as indicated by HRP labeling. Apposition of 
GluRIIC to Brp was measured two ways. First, the number of Brp puncta located 
within 1 µm of a GluRIIC cluster was divided by the total number of Brp puncta 
using Z-projected images. Second, a Pearson r was calculated for each NMJ from 
individual Z-planes by quantifying the degree of overlap between the Brp and 
GluRIIC fluororescence within the NMJ using Olympus Fluoview software (v. 
2.00c).   
The number of 6/7 NMJ boutons were counted using the “cell counter” 
plugin for NIH Image J software. Axonal branches were quantified by manual 
counting of any bifurcation that included at least two boutons. 8-11 NMJs per 
genotype were used for statistical comparisons of morphology. 
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Electrophysiology. Two-electrode voltage clamp recordings were obtained at room 
temperature from muscle 6 of segments A3 or A4. Third instar larval fillet 
dissections were performed on Sylgard-coated cover slips in Drosophila standard 
saline (135 mM NaCl, 5 mM KCl, 4 mM MgCl2, 1.8 mM CaCl2, 5 mM TES, 72 mM 
sucrose). Muscles were clamped at -60 mV using an Axoclamp 900A amplifier 
(Molecular Devices). Electrodes filled with 3M KCl that demonstrated resistances 
between 10-20 MΩ were used for intracellular recordings. A 1 Hz stimulus of 10 V 
was delivered to segmental nerves using an electrode filled with bath saline 
connected to a Grass S88 stimulator and SIU5 isolation unit (Grass 
Technologies). Electrophysiological recordings were digitized with a Digidata 1443 
digitizer (Molecular Devices) and analyzed using PClamp software (v. 10.4). 180 s 
of minis per larva were used for analysis. Quantal content was calculated by 
dividing the eEJC area (nA*ms) by the mEJC area (nA*ms). 
  
Quantitative RT-PCR. For mutant analysis, total RNA was extracted from 8-12 
third instar larvae using Trizol as previously described (Dickinson, 1980; Graze et 
al., 2009). qRT-PCR was performed in a single step using the iScript One-Step 
RT-PCR Kit with Sybr Green (Bio-Rad). For RNAi analysis, total RNA was 
extracted from third instar larval body walls from which the CNS and ventral nerve 
cord had been removed. After Trizol extraction, the samples were treated with 
DNAse and column purified. Reverse transcription was carried out using the High 
Capacity cDNA Reverse Transcription kit (Invitrogen). Taqman probes (Applied 
Biosystems) to GluRIIA, GluRIIB, GluRIIC and Act5c were used for the real-time 
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reaction using the “StepOnePlus” instrument (Applied Biosystems). Appropriate 
controls were maintained throughout this study. 100 ng of RNA was added to 
each reaction. For mutant analysis, ΔC(t) values were calculated by subtracting 
the C(t) value of the GluR-specific reaction from the C(t) value obtained for 
GAPDH. For RNAi analysis, Act5c was used as the reference gene and analysis 
was performed by calculating fold change in expression (RQ) from ΔΔC(t) values. 
Each reaction was performed in triplicate and three biological replicates were 
performed and used for data analysis. 
 
Statistical Analyses. Statistics were performed using Graph Pad Prism (v 5.01). 
Statistical comparisons included student’s t-tests for analysis of kismet mutant 
phenotypes, and, for RNAi analysis, a one-way ANOVA with post-hoc Tukey or 
Games-Howell tests  depending on the variation between data sets. Statistical 
significance in figures is represented by:* = p<0.05, ** = p<0.001, and *** = 
p<0.0001. Error bars represent the SEM. 
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Results  
Loss of Kismet function alters synaptic morphology 
Based on the results of our genetic screen and microarray analysis (data 
not shown) we sought to further explore the role Kis may play in synaptic 
development using the Drosophila NMJ as a model system. Therefore, we first 
examined the localization of Kis protein at the NMJ using both immunolabeling 
and a Kis-GFP protein trap stock (Buszczak et al., 2007). In both cases, Kis was 
localized within the nuclei of the motor neurons that lie within the cortex region of 
the ventral nerve cord (Figures 1A and Supplemental Figure 1) and the 
multinucleated postsynaptic muscles (Figures 1B and Supplemental Figure 1). 
These results are consistent with the role of Kis as a transcription regulator 
(Srinivasan et al., 2008b) and indicate that Kis may regulate both pre- and 
postsynaptic components of the NMJ. 
Kismet has been shown to regulate RNA polymerase II-mediated 
transcription (Srinivasan et al., 2005b; Srinivasan et al., 2008b). Other 
transcriptional regulators such as AP-1 (Sanyal et al., 2002) and Zfh1 (Vogler and 
Urban, 2008) can influence NMJ development and morphology. Therefore, we 
examined NMJ morphology in kis loss-of-function animals by labeling presynaptic 
motor neurons with HRP to visualize neuronal membranes. We focused on third 
instar larvae muscle 6/7 of abdominal segment A3. In order to gauge the effect of 
kis genetic dosage, we used two different approaches: mutations to knock down 
kis function and the Gal4/UAS system to drive a kis RNAi construct. kisk13416 is a 
weak adult-viable hypomorph due to the insertion of a transposable element in the 
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5’ end of the gene (Roch et al., 1998) while kisLM27 is a strong protein null allele 
(Melicharek et al., 2008b). Ubiquitous knockdown of Kis was achieved using the 
Da-Gal4 driver to express a UAS:kismet RNAi.b transgene (da>kisRNAi.b), which 
was previously shown to strongly reduce Kis protein levels (roughly 90% overall) 
and severely reduce adult motor function (Melicharek et al., 2010a). 
While we noticed that the numbers of boutons per 6/7 NMJ were slightly 
increased in both kis mutants compared with controls (Figure 2C), this increase 
was not statistically significant. However, ubiquitous knockdown of kis resulted in 
a significant increase in the total number of boutons in da>kisRNAi.b 
(94.4545±5.9043, p <0.001) when compared to outcrossed controls da-Gal4/+ 
(57.3636± 4.3469) and UAS-kisRNAi.b/+ (70.7273 ± 4.8450, p <0.001). We also 
observed a significant increase in the total number of branches in kisLM27/kisk13416 
larvae, but not kisk13416 larvae compared to w1118 controls (Figure 2C), consistent 
with a dose-dependent effect for loss of kis on both bouton number and synaptic 
branching. Taken together, these data suggest that loss of kis function leads to 
significant changes in presynaptic motor neuron morphology. 
  
Kismet regulates GluR subunit levels in larval muscles 
Recently our labs independently identified kis as necessary for GluR 
localization/expression via two separate approaches. First, through a microarray 
analysis of kis loss-of-function pupae, we determined that the expression level of 
the GluR subunit GluRIIB was significantly reduced (data not shown). Second, we 
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also identified mutations in kis in a forward genetic screen for phenotypes that 
affect the localization of GluRIIA in muscles (data not shown).  
To further explore the connection between kis function and GluR 
expression, we examined synaptic GluRs at third instar larval NMJ with kis loss-
of-function mutants and ubiquitous knockdown of Kis. There are 5 ionotropic GluR 
subunits expressed in Drosophila muscles including GluRIIA, GluRIIB, GluRIIC, 
GluRIID, and GluRIIE. These subunits are most similar in structure and function to 
vertebrate AMPA and kainate receptors (DiAntonio et al., 1999a; Marrus et al., 
2004b; Qin et al., 2005). The five subunits form two distinct tetrameric GluR 
complexes, which contain either GluRIIA or GluRIIB, plus the remaining essential 
GluRIIC, -IID, and -IIE subunits (Marrus et al., 2004b; Qin et al., 2005).  
Consistent with our genetic screen results, both kisk13416 homozygous and 
kisLM27/kisk13416 trans-heterozygous mutants exhibited a significant decrease in 
GluRIIA cluster size compared to w1118 controls (Figure 2A-B). GluR cluster size 
has been shown to correlate with receptor function (Featherstone et al., 2002) and 
is used as an indicator of the number of postsynaptic receptors (Chen and 
Featherstone, 2007). This corresponded to a 57.6% reduction in mean relative 
fluorescence intensity in kisLM27/kisk13416 trans-heterozygous mutants compared to 
controls. Further, there was a small but non-significant reduction in GluRIIB 
cluster size in kisk13416 homozygous larvae and a significant reduction in GluRIIB 
cluster size in trans-heterozygous kisLM27/kisk13416 mutant larvae compared to 
w1118 controls (Figure 3A). These data were also consistent with our microarray 
results where we observed decreased GluR transcript levels in kis loss-of-function 
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pupae. In contrast, we did not observe a significant change in GluRIIC cluster size 
in either kis mutant combination (Figure 3B). However, there was a significant 
reduction in relative GluRIIC fluorescence levels in both kisk13416 homozygous 
larvae and kisLM27/kisk13416 trans-heterozygous mutant larvae compared to w1118 
controls (Figure 3B). Knockdown of kis in all tissues using the da-Gal4 driver also 
resulted in significant decreases in GluRIIA, GluRIIB, and GluRIIC cluster sizes 
(Supplemental Figure 2 A-C). Collectively, these data suggest that Kis influences 
synaptic levels of GluRs. 
Given the role of Kis in transcription elongation (Srinivasan et al., 2005b; 
Srinivasan et al., 2008b), we next analyzed the relative levels of GluR mRNAs in 
both kis mutants and RNAi knockdowns. We did not observe a significant 
decrease in GluRIIA, GluRIIB, or GluRIIC transcript levels in kisk13416 homozygous 
mutant larvae, kisLM27/kisk13416 trans-heterozygous mutant larvae, or ubiquitous Kis 
knockdowns when compared to controls (data not shown). Taken together, these 
data suggest that Kis may be involved in the localization and clustering of 
postsynaptic GluR subunits, but may not be involved in the transcriptional 
regulation of these subunits. 
 
Kismet selectively regulates FasII and Dlg levels without altering 
localization of other synaptic proteins or the cytoskeleton 
Several synaptic proteins serve as markers of synaptic plasticity at the 
Drosophila NMJ such as Bruchpilot (Brp), Cysteine String Protein (CSP), Discs 
Large (Dlg), Fasciclin II (FasII), and Synaptotagmin (Syt). To determine if the loss 
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of kis affects other synaptic proteins, we first examined the number of active 
zones, sites of neurotransmitter release, by immunolabeling for the T-bar 
associated protein Brp (Kittel et al., 2006; Wagh et al., 2006). We did not observe 
any significant difference in the density of Brp puncta in either kis mutants 
compared to control larvae (Supplemental Figure 3A). Similarly, mutations in kis 
did not produce a significant change in relative fluorescence for the synaptic 
vesicle markers CSP and Syt (Supplemental Figure 3B-C).  
To determine whether Kis influences behavior and synaptic levels of GluRs 
by affecting gross muscle morphology, we used phalloidin to visualize overall 
muscle structure. There were no significant differences in the size of muscle 6 in 
either the kisk13416 homozygous mutant larvae or kisLM27/kisk13416 trans-
heterozygous mutant larvae compared to w1118 controls (data not shown, w1118 = 
30790 ± 2119 µm2, kisk13416 = 28630 ± 1015 µm2, p = 0.34; kisk13416/kisLM27 = 
29440 ± 1041 µm2, p = 0.59).  
Tubulins are cytoskeletal structural proteins essential for synaptic function 
and muscle morphology. They form and provide stability to structural components 
of neurons and synapses (Trotta et al., 2004; Yan and Broadie, 2007). We 
analyzed tubulin expression levels in both muscles and synapses using the post-
translationally modified alpha tubulin to analyze potential kis-dependent 
cytoskeletal changes. There were no significant differences in synaptic or muscle 
tubulin levels in either kisk13416 homozygous larvae or kisLM27/kisk13416 trans-
heterozygous mutant larvae compared to w1118 controls (data not shown, synaptic 
tubulin: w1118 = 1.00 ± 0.09 a.u., kisk13416 = 0.84 ± 0.07 a.u., p = 0.20; 
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kisk13416/kisLM27 = 0.79 ± 0.11 a.u., p = 0.11, muscle tubulin: w1118 = 1.00 ± 0.10 
a.u., kisk13416 = 0.96 ± 0.09 a.u., p = 0.80; kisk13416/kisLM27 = 0.96 ± 0.09 a.u., p = 
0.77).  
Interestingly, we observed a significant increase in synaptic levels of both 
FasII and Dlg in kis mutants (Supplemental Figure 4). Dlg is a postsynaptic 
density scaffolding protein that stabilizes GluR clusters (Chen and Featherstone, 
2005) while FasII is an activity-dependent cell adhesion molecule (Stewart and 
McLean, 2004). Both kisk13416 homozygous and kisLM27/kisk13416 trans-
heterozygous mutant larvae exhibited a significant increase in the relative 
fluorescence intensity of Dlg compared to w1118 controls (Supplemental Figure 
4A). Similarly, we observed a significant increase in immunoreactivity in for FasII 
in kisk13416 homozygous and kisLM27/kisk13416 trans-heterozygous mutants 
(Supplemental Figure 4B) compared to w1118 controls. Taken together, these data 
suggest that loss of kis function does not significantly affect multiple synaptic 
proteins including Brp, CSP, and Syt. Although loss of kis function does not alter 
either muscle morphology or tubulin levels in third instar NMJs, it does increase 
postsynaptic levels of both Dlg and FasII. 
Because we observed significant effects on both Dlg and FasII expression 
levels in kis mutants, we sought to determine whether the increased synaptic 
levels of Dlg or FasII could explain the loss of postsynaptic GluRs observed in kis 
mutants. We overexpressed Dlg or FasII in all tissues using the Actin5c-Gal4 
driver. Ubiquitous overexpression of Dlg or FasII, however, did not significantly 
affect GluRIIA cluster sizes (Supplemental Figure 5), suggesting that the relative 
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increase in either Dlg or FasII likely did not contribute to the loss of postsynaptic 
GluRs in kis loss of function animals. 
 
Kismet regulates evoked neurotransmission and quantal size 
The reduction in GluRIIA and GluRIIB cluster size, increase in synaptic 
levels of Dlg and FasII, and change in morphology of the presynaptic motor 
neuron in kis mutants collectively suggest that Kis may regulate synaptic 
development without significantly affecting GluR mRNA levels. We therefore 
examined neurotransmission using two-electrode voltage clamp and found 
significant reductions in eEJC amplitudes and quantal content in kis mutants 
compared with controls (Figure 4). There were no significant differences, 
however, in mEJC frequency (data not shown, w1118 = 3.96 ± 0.51 Hz, n = 8, 
kisk13416 = 4.63 ± 0.98 Hz, n = 8, p = 0.55, kisLM27/kisk13416 = 3.69 ± 0.53 Hz, n = 8, 
p = 0.72) or mEJC amplitudes (data not shown, w1118 = 0.50 ± 0.04 nA, n = 10, 
kisk13416 = 0.42 ± 0.05 nA, n = 8, p = 0.31, kisLM27/kisk13416 = 0.39 ± 0.05 nA, n = 8, 
p = 0.13). Taken together, these data suggest that kis function is important for 
proper synaptic transmission at the Drosophila larval NMJ and may help to 
explain the defects we observe in the postsynaptic development in kis loss-of-
function animals. 
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Kismet affects the alignment of postsynaptic receptors with presynaptic 
active zones 
Proper synaptic function requires the precise localization of both pre- and 
postsynaptic components such that each postsynaptic cluster of GluRs is directly 
apposed to a presynaptic active zone (Petersen et al., 1997). Because of the 
defects we observed in GluR clustering and synaptic transmission, we quantified 
the number of GluR clusters (visualized by GluRIIC) that were apposed to Brp 
puncta and found a significant decrease in the number of Brp puncta apposed to 
GluR clusters in kis mutant larvae compared to control larvae (Figure 5A-B). 
Further, the colocalization of Brp and GluRIIC was significantly reduced in kis 
mutants (Figure 5C). These data indicate that Kis may regulate the relative 
distribution and localization of specific synaptic proteins to facilitate proper 
apposition of GluRs relative to active zones.   
 
Kismet exhibits tissue-specific effects on GluR clustering and locomotion 
Kis is strongly expressed in both presynaptic motor neuron nuclei as well 
as in muscle nuclei (Figure 1). To determine the tissue-specific effects of kis loss-
of-function on NMJ development, we used Dcr2;;elav-Gal4 to knockdown Kis  in 
all neurons and Dcr2;;24B-Gal4 to knockdown Kis in postsynaptic muscles. To 
validate the effects we observed with Kis knockdown using da-Gal4, we utilized a 
second Gal4 line (actin5c-Gal4) as a positive control for ubiquitous knockdown. 
We focused our analysis on GluRIIB. Consistent with our previous results using 
da-Gal4, ubiquitous Kis knockdown with actin5c-Gal4 resulted in a significant 
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reduction in GluRIIB cluster size (Figures 6B). Knockdown of Kis in neurons, 
including motoneurons (Figure 6B), but not muscles (Figure 6B) produced a 
significant decrease in GluRIIB cluster size. Taken together, our data suggests 
that Kis function in the presynaptic motor neuron is important for GluRIIB cluster 
size. 
To extend our findings into functional behavior and to further analyze the 
tissue-specific effects of Kis, we next analyzed the effects of ubiquitous and 
tissue-specific knockdown of Kis on larval locomotive behavior by examining 
muscle contractions and total crawling distance. There was a significant reduction 
in the number of contractions and distance crawled by larvae with ubiquitous 
knockdown of Kis compared to controls (Figure 7A, 7B). Presynaptic knockdown 
of Kis also led to a significant reduction in the number of muscle contractions 
produced and total distance crawled by these larvae compared to controls (Figure 
7B). Muscle-specific knockdown of Kis, however, did not lead to any significant 
change in either muscle contractions or crawling distance (Figures 7A, 7B). Taken 
together, these data suggest that Kis influences presynaptic function and, as a 
consequence, regulates the localization of postsynaptic GluRs.   
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Discussion  
Our labs each independently identified kis as necessary for NMJ 
development and function through two different approaches: a forward genetic 
screen identified kis as a modifier of GluRIIA localization at the NMJ and a 
microarray analysis identified kis function in the expression of GluRIIB in late third 
instar larvae. Our results are the first to demonstrate a role for Kis in synaptic 
development and function of the Drosophila NMJ. Further, our results indicate that 
kis function is important in presynaptic motor neurons for GluR clustering and 
motor function in third instar larvae.  
Loss of kis exhibits consistent effects on NMJ development and function. 
While loss of kis in third instar larvae results in a reduction in GluR cluster sizes, 
we did not observe a significant effect on GluRIIA, GluRIIB, and GluRIIC 
transcripts in kis mutants and RNAi loss-of-function animals. Given that Kis is 
involved in transcription elongation and epigenetic control of transcription 
(Srinivasan et al., 2005b; Srinivasan et al., 2008b), our data suggests that the loss 
of GluRs from the synapse may be secondary to other synaptic changes instead 
of a decrease in Kis-mediated GluR transcription. Indeed, our tissue-specific 
analyses suggest that the decreased GluR levels in postsynaptic muscles may be 
due to defective signaling from presynaptic motor neurons. This is consistent with 
our electrophysiology data, which suggest that reduced kis levels results in a 
significant reduction in the amplitude of evoked synaptic currents and quantal 
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content. Collectively, these data are suggestive of a defect at the level of vesicular 
release or synaptic vesicle endocytosis, which over time leads to reduced 
receptor clustering, and reduced larval motor behavior. The endocytosis mutants 
brain tumor (Shi et al., 2013) and dap160 (Koh et al., 2004; Winther et al., 2013) 
exhibit increases in the number of synaptic boutons and decreases in evoked 
EJPs. Mutations that affect synaptic vesicle endocytosis typically exhibit an 
increase in mEJP amplitudes (Shi et al., 2013; Winther et al., 2013). We did not, 
however, observe a significant increase in mEJC amplitudes. 
Changes in synaptic function may also lead to a compensatory change in 
the motor neuron over time. We observe an increase in the relative fluorescence 
of FasII in kis mutants. An increase in the levels of FasII over time would promote 
the formation of additional synapses through an increase in the total number of 
boutons (Ashley et al., 2005), which is what we observe in kis loss-of-function 
animals. Further, increased branching observed in kis loss-of-function animals 
may also reflect additional compensatory changes in the presynaptic motor 
neuron due to sustained defects in synaptic transmission. However, even though 
we observe an increase in branching and bouton number, we also observe a 
significant decrease in the number of GluR clusters that are apposed to active 
zones. The altered localization of GluRs relative to active zones may also explain, 
in part, why synaptic transmission is reduced at third instar larval NMJs. 
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Synaptic mechanisms underlying CHARGE Syndrome  
kis is the Drosophila homolog of CHD7 in humans (Melicharek et al., 
2010a). Haploinsufficiency of CHD7 is associated with CHARGE syndrome, an 
autosomal dominant disorder characterized by multiple developmental symptoms 
that include hypotonia, limb abnormalities, and cranial nerve defects (Blake and 
Prasad, 2006; Sanlaville and Verloes, 2007b; Blake et al., 2008; Zentner et al., 
2010a; Bergman et al., 2011). Individuals with CHARGE syndrome can display 
delayed or impaired motor coordination and adaptive motor skills, as well as 
musculoskeletal anomalies (Hartshorne et al., 2005; Blake and Prasad, 2006).  
Mechanisms underlying the symptoms associated with CHARGE syndrome 
are currently not clear. We have previously shown that kis loss-of-function leads 
to defective adult motor behavior. Ubiquitous knockdown of kis produces flies that 
are unable to fly, and exhibit a prominent postural defect where they hold their 
wings apart and below their bodies (Melicharek et al., 2010a). This postural defect 
is reminiscent of defects associated with muscles and neuromuscular synaptic 
transmission, and is consistent with hypotonia related postural problems often 
observed in CHARGE individuals (Hartshorne et al., 2005). Our current data show 
that defective synaptic function translates to defective motor behavior in animals 
with decreased kis function. Loss of kis function leads to defects in motor 
coordination as assayed through larval crawling. The aberrations observed in 
synaptic transmission and synaptic development in kis mutant larvae may also be 
present in mammals with decreased CHD7 function, including CHARGE 
individuals.  
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In summary, we describe, for the first time, the function of the Kis protein in 
the expression and localization of GluRs at the larval NMJ. Our results suggest 
that presynaptic Kis function is important where it functions to regulate proper 
synaptic transmission, motor neuron development, and larval motor behavior. We 
suggest that the decreased signaling from presynaptic motor neurons in kis 
mutants leads to decreased levels of and altered localization of postsynaptic 
GluRs over time, further affecting motor behavior and NMJ function. 
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Figure Legends 
Figure 1. Kis localizes to the nucleus of motor neurons and muscles. 
(Refer to figure 2.1 A and B in Chapter 2) 
(A) Confocal images of Kis-GFP expression in midline of third instar larval ventral 
nerve cord expressing RFP in motor neurons using the motor neuron specific 
ELAV-Gal4 driver. Motor neurons are labeled in red (ELAV), nuclei in blue (DAPI), 
and Kis in green (Kis-GFP). Note presence of Kis-GFP in motor neuron nuclei. 
Right panels show individual channels. (B) Confocal images of Kis-GFP 
expression in multi-nucleated muscle cells of muscles 6 and 7 in third instar larval 
NMJs. Muscles are labeled with phalloidin (PHL, red), muscle nuclei in blue 
(DAPI), and Kis in green (Kis-GFP). Note presence of Kis-GFP in muscle nuclei. 
Right panels show individual channels. Scale bars = 10 µm in (A) and 50 µm in 
(B). 
 
Figure 2. Kis regulates GluRIIA cluster size and motor neuron morphology. 
(A) Confocal images of third instar larval NMJs, muscles 6 and 7, immunolabeled 
with α-HRP (magenta) to detect presynaptic neuronal membranes and α-GluRIIA 
(green). Genotypes listed. Insets show high magnification image of a single 
terminal bouton. Scale bar = 20µm (B) Quantification of GluRIIA cluster size in 
µm2. (C) Quantification of total boutons (top histogram) and branches per NMJ 
(bottom histogram).  
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Figure 3. Kis regulates GluRIIB and GluRIIC localization. 
High resolution confocal images of larval 6/7 NMJs from third instar larvae 
immunolabeled with α-HRP (magenta) and α-GluRIIB (A, green) or α-GluRIIC (B, 
green). Genotypes listed. Histograms indicate quantification of GluRIIB and 
GluRIIC cluster sizes and relative GluRIIB and GluRIIC fluorescence in genotypes 
listed. Scale bar = 5 µm 
 
Figure 4. Kis regulates synaptic transmission. 
(A) Representative evoked excitatory junctional currents (eEJCs) from control and 
kis mutants. Muscles were voltage clamped at -60 mV and a 10V, 1 Hz stimulus 
was applied to the presynaptic motor neuron. (B) Quantification of eEJC 
amplitudes (left) and quantal content (right) indicates a significant reduction in 
both eEJC amplitude and quantal content in kis mutants.  
 
Figure 5. Kis influences the apposition of postsynaptic GluRs with 
presynaptic active zones. 
(A) High resolution confocal images of third instar larval NMJs, muscles 6 and 7, 
immunolabeled with α-HRP (magenta) and α-GluRIIC (green). Genotypes listed. 
Arrows indicate examples of GluRIIC clusters that are not apposed to an active 
zone as indicted by Brp immunolabeling. Scale bar = 5 µm (B) Quantification of 
the percentage apposition indicates a significant reduction in the relative 
localization of GluRIIC compared with Brp. (C) Quantification of Pearson’s 
coefficient (r) in each genotype.  
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Figure 6. Kis functions predominantly motor neurons for GluR clustering 
effects. 
(A) Confocal images of third instar larval NMJs, muscles 6 and 7, immunolabled 
with α-HRP (magenta) and α-GluRIIB (green). Genotypes listed. Insets show high 
magnification image of a single terminal bouton. Scale bar = 20 µm (B) 
Quantification of GluRIIB cluster size in µm2 in genotypes listed indicates that 
knockdown of kis in all cells or presynaptic neurons but not postsynaptic muscles 
results in a significant reduction in GluRIIB cluster size.  
 
Figure 7. Kis functions predominantly in motor neurons to influence larval 
behavior. 
(Refer to Figures 2-12 and 2-13 in Chapter 2, and Figures 3-11 to 3-14 in Chapter 
3) 
(A) Quantification of muscle contractions per 30 seconds from third instar larvae 
in genotypes listed.  (B) Quantification of crawling distance in cm from third instar 
larvae in genotypes listed.  
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Supplemental Figure Legends 
Supplemental Figure 1. Kis localizes to the nucleus of motor neurons and 
muscles. 
(Refer to Figures 2.2 A and B in Chapter 2) 
(A) Confocal images of third instar larval ventral nerve cord immunolabeled with 
α-Kis-L (red), DAPI (blue), and UAS n-syb-GFP driven by Elav-Gal4 (green). 
Right panel shows high magnification of three motor neuron nuclei. (B) Confocal 
images of third instar larval NMJs, muscles 6 and 7, immunolabeled with α-Kis-L 
(red), α-Phalloidin (green) and DAPI (blue). Right panel shows high magnification 
of two muscle nuclei. Scale bar = 10 µm (left panels) and 50 µm (right panels).  
 
Supplemental Figure 2. Ubiquitous knockdown of Kis regulates GluR 
localization. 
(Refer to figures 2.7, 2.8 and 2.9 in Chapter 2) 
(A) High resolution confocal images of third instar larval muscles 6 and 7 NMJs 
immunolabeled with α-HRP (magenta) and α-GluRIIA (green). Genotypes listed. 
Quantification of GluRIIA cluster size in µm2. (B) Confocal images of third instar 
larval muscles 6 and 7 NMJs immunolabeled with α-HRP (magenta) and α-
GluRIIB (green). Genotypes listed. Quantification of GluRIIB cluster size in µm2. 
(C) Confocal images of third instar larval muscles 6 and 7 NMJs immunolabeled 
with α-HRP (magenta) and α-GluRIIC (green). Genotypes listed. Quantification of 
GluRIIC cluster size in µm2. Scale bar = 5 µm.   
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Supplemental Figure 3. Kis does not alter Brp, CSP, or Syt levels.  
High resolution confocal images of 6/7 third instar larval NMJs immunolabled with 
α-HRP (magenta) and α-Brp (A, green), orα-CSP (B, green), or α-Syt (C, green). 
Genotypes listed. Quantification of relative fluorescence is shown in the right 
subpanels. Scale bar = 5 µm.   
 
Supplemental Figure 4. Kis alters synaptic Dlg and FasII levels. 
(A) Confocal images of third instar larval 6/7 NMJs immunolabeled with α-HRP 
(magenta) and α-Dlg (green). Genotypes listed. Histogram shows quantification of 
relative Dlg levels in genotypes listed. (B) Confocal images of third instar larval 
NMJs, muscles 6 and 7, immunolabeled with α-HRP (magenta) and α-FasII 
(green). Genotypes listed. Histogram shows quantification of relative Dlg 
fluorescence in genotypes listed. Scale bar = 5 µm 
 
Supplemental Figure 5. Overexpression of Dlg and FasII does not alter GluR 
localization. 
(A) Confocal images of third instar larval 6/7 NMJs immunolabeled with α-HRP 
(magenta) to label presynaptic motor neurons and α-GluRIIA (green). Dlg and 
FasII were overexpressed ubiquitously using the Actin5c-Gal4 driver. Insets show 
high magnification image of a single terminal bouton. Scale bar = 20 µm (B) 
Quantification of GluRIIA cluster size in µm2 shows there is no significant 
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difference in GluRIIA cluster sizes as a result of ubiquitous Dlg or FasII 
overexpression.  
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Figure 2. Kis regulates GluRIIA cluster size and motor neuron morphology. 
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Figure 3. Kis regulates GluRIIB and GluRIIC localization. 
 
 
 
 
Figure 4. Kis regulates synaptic transmission. 
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Figure 5. Kis influences the apposition of postsynaptic GluRs with 
presynaptic active zones. 
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Figure 6. Kis functions predominantly motor neurons for GluR clustering 
effects. 
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Supplemental Figure 3. Kis does not alter Brp, CSP, or Syt levels.  
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Supplemental Figure 4. Kis alters synaptic Dlg and FasII levels. 
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Supplemental Figure 5. Overexpression of Dlg and FasII does not alter GluR 
localization. 
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